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ABSTRACT 
Chi-Tsan Wang: Emissions from the cultivation of cannabis and their impact on regional air 
quality 
(Under the direction of William Vizuete) 
Colorado was one of the first US state to legalize the industrial-scale cultivation of 
Cannabis spp. for recreational purposes in 2014. In 2018, there were 609 indoor Cannabis 
cultivation facilities (CCFs) in operation in Denver County with an estimated 550,000 mature 
plants under cultivation at any given time. Cannabis plants not only synthesize the Cannabidiol 
(CBD) and tetrahydrocannabinol (THC), but also produce a group of highly reactive 
hydrocarbons called monoterpenes, which are released into the atmosphere during cultivation. 
This work presents the results of leaf enclosure measurements that quantify monoterpene 
emission factors. This emission factors then were applied to estimate the emission inventory of 
the Colorado Cannabis industry. Using these results in a regional air quality regulatory model, 
we predict that for every 1,000 metric tons/year of monoterpene emissions there is a 1 ppb 
increase in daytime hourly ozone concentrations in Denver County. Finally, results will be 
presented from a field campaign conducted in August 2016 that measured ambient monoterpene 
concentrations in Denver County. Monoterpene mixing ratios near CCFs cluster in this study 
were 4-8 times higher than samples collected from an urban “background” site. These studies 
have revealed the gaps in our current knowledge and have quantified the large uncertainties in 
Cannabis emission factors, emission inventories, and ultimately their possible regional-scale air 
quality impacts. Further, the observed variability in both composition and emission rates among 
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Cannabis strains show the critical need for detailed emission factor data by strain. This detailed 
emission factor information, coupled with more characterization information on each CCF, 
would greatly reduce the current uncertainties in monoterpene emission estimates for the 
Cannabis industry and provide clarity on potential air quality impacts. This in turn would benefit 
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CHAPTER 1: INTRODUCTION 
As of 2018, 30 states in the U.S. have legalized either medical or recreational Cannabis 
spp. (marijuana) and national sales have reached 9 billion (Smith, 2018). The earliest two states 
that legalized recreational cannabis, in 2012, are Washington and Colorado. In Colorado, 
recreational business began in 2014 and by 2016 total annual sales reached 1.3 billion dollars. In 
Colorado, the legalization and commercial production of cannabis has created the establishment 
of industrial-scale cannabis cultivation facilities (CCFs).  
In 2018, there are more than 1 million cannabis plant in Colorado any time. 50% of the 
cannabis plants and 45% of CCFs are located in Denver County (CDOR, 2019). There are two 
types of CCF, medical and recreational. The medical usage of cannabis was started in 2009 in 
Denver County. Those medical cannabis buds include more Cannabidiol (CBD) which is non-
psychoactive compound and can be applied for medical usage, such as relieve pain or anti-
inflammatory drugs (Nagarkatti et al., 2009; Bonaccorso et al., 2019; Dzierzanowski, 2019). The 
recreational cannabis usage was started by Colorado state government in 2014. Those 
recreational cannabis buds include more tetrahydrocannabinol (THC), which can have the 
psychological effects (Bonaccorso et al., 2019; Bradford, 2017). Thus, the cannabis plants are 
high remunerative crop.  
In the outdoor environment, the cannabis plants (cannabis sativa) can be 3-6 meters tall 
(Wikipedia, 2019) and produce heavier buds and higher harvest yield. Most of the CCFs in 
Denver, however, are indoor CCFs. That is caused by some reasons: the cannabis buds are more 
expensive  than other agricultural products (~$550 USD per kilogram) (Rubino, 2019) and the 
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plant in indoor environment can be harvested 4-5 times per year, even in winter. Therefore, 
most of the CCFs in Denver are indoor. Figure 1.1 explains the CCF operation, where previous 
studies have focused only on the electrical usage (Mills, 2012), waste water, pesticides and 
fertilizer involved (Bauer et al., 2015). The biogenic volatile organic compounds (BVOC) 
emissions from marijuana plants, however, have not been assessed for their impact on air quality 
(Ashworth and Vizuete, 2017).  
The Colorado Department of Public Health and Environment (CDPHE) noticed the 
cannabis industry cause the environment problems in 2016. The residents complained to CDPHE 
regarding odour nuisance have soared (Murray, 2016; Rusch, 2016) as the volatile compounds 
responsible for the characteristic smell of cannabis are released and dispersed from CCF. Some 
studies indicated that the characteristic odour of Cannabis spp. are responsible by the thiols, the 
sulfur-containing compounds (Rice and Koziel, 2015b, a). Other studies also indicated that the 
air quality in CCFs may have the health impact on workers (Jaques et al., 2018; Plautz, 2019).  
Therefore, the air pollution control division (APCD) in CDPHE conducted the pilot study to 
qualify and quantify the BVOC concentration in CCF in 2017 (Sakas, 2019), and will report their 
results in 2020. 
 The potential for emitted BVOCs from cannabis plants, however, is largely understudied, 
due to the federal illicit nature of the cannabis plant and corresponding lack of measurements. 
The BVOCs that have been identified in laboratory studies have focused primarily on the 
cannabis plant material (Hood, 1973; Turner et al., 1980; Hillig, 2004; Fischedick et al., 2010; 
Rice and Koziel, 2015b). There has been limit study, in 2012, where indoor levels of BVOCs 
within illicit CCFs were measured (Martyny et al., 2013), in conjunction with law enforcement 
raids. BVOC concentrations of predominantly monoterpenes were measured at concentrations 
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from 50-100 ppbv. It is important to note that these concentrations were from illicit growing 
rooms, containing only hundreds of marijuana plants, which were not under optimal growing 
conditions. In 2019, the Dessert Research Institute (DRI) reported the monoterpene 
concentration in four legal CCFs located in California and Nevada are from 200 ppb-10 ppm 
(Samburova et al., 2019). Therefore, the current commercially legal CCFs that could lead to 
potentially larger BVOC emissions. Those BVOCs can become an important VOC source in 
Denver.  
These CCFs grow thousands of marijuana plants in each facility, and have tended to cluster 
around major highways which offer ease of access for incoming raw materials and to the markets 
for end products. Highway emissions include nitrogen dioxide and nitric oxide (NOx) that can 
interact with the biogenic volatile organic compounds (BVOCs) released from CCFs and 
potentially impact secondary organic aerosol (SOA) and ozone (O3) concentrations. Ground-
level ozone, is a harmful air pollutant and strong oxidant that is damaging to animal respiratory 
organs, plants (Heck, 1984), and increases mortality rates (WHO, 2005). Due to ozone’s negative 
health effects, the United States Environmental Protection Agency (US EPA) has made efforts to 
control ambient ozone concentrations by establishing the Clean Air Act and National Ambient 
Air Quality Standards (NAAQS) (USEPA, 2008). Ambient ozone in Denver and Front Range 
region has been classified with a moderate nonattainment designation by the US EPA (USEPA, 
2017b). Previous air quality modeling and analysis from the Western Air Quality Study 
determined that Denver is VOC-limited, meaning that any additional VOCs would lead to an 
increase in ozone concentrations. Thus, Denver provides an ideal case study to quantify the 
potential increases in regional ozone due to cannabis facilities. There is, however, a lack of 
systematic emission factor data for cannabis plants needed to scale these emissions up for use in 
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regional scale modeling. Once these emission factors are determined, they could then be used in 
Denver or anywhere this industry is established and growing. Also, there are not ambient 
measurement evidences to prove that the CCFs increase the ambient monoterpene concentration 
in Denver.  
Therefore, the goals of this study will, for the first time, use leaf enclosure measurements to 
quantify BVOC emissions from cannabis plants and calculate their emission factors. In the 
second part, these emission factors then be applied to estimate the amounts of BVOCs being 
emitted into the Denver atmosphere. The regulatory model developed by the Colorado for their 
state implementation plan (SIP) are applied to predict the impacts on ambient ozone 
concentrations change in Denver and Front Range. We expect that the increased BVOCs from 
CCFs will result in spatial and temporal differences of terpene and ozone concentrations. In the 
last part, we conducted the ambient measurement in Denver near CCF clusters by absorbing 
cartridges to prove the significant monoterpenes in ambient released from CCF and compared 
the ambient measurement result with the air quality model result. The result of this study 
includes the emission factor, ozone impact and ambient measurement, will provide the useful 
information to help population understand the air quality issue of this new industry, and also help 
the state government that legalized or plan to start the cannabis industry to access the 
environmental impact of cannabis industry by our study method. 
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CHAPTER 2: LEAF ENCLOSURE MEASUREMENTS FOR DETERMINING 
VOLATILE ORGANICCOMPOUND EMISSION CAPACITY FROM CANNABIS SPP.1 
2.1 Introduction 
The use of Cannabis spp. and its various products have long been controversial, with 
opponents of the relaxation of restrictions pointing to studies linking long-term use to mental 
health problems (WHO, 2016), and advocates arguing that it provides many therapeutic benefits 
(Ashton, 2001; Madras, 2015). Supporters of the decriminalization and legalization of Cannabis 
spp. liken current regulations to the early 20th Century United States prohibition laws, suggesting 
that many of the detrimental societal impacts of Cannabis spp. production, sale, and use are 
directly associated with its illegality. This argument is beginning to hold sway and, for the first 
time, in 2014, the United Nation Global Commission on Drug Policy (UNGCDP) called for 
legalization with regulation (UNGCDP, 2014). The UN Office on Drugs and Crime reports over 
180 million users worldwide (UNODC, 2016), and the cultivation and use of Cannabis spp. for 
medical purposes is already legal or decriminalized in more than 40 countries around the world. 
The UNGCDP argues that regulation of the recreational use of Cannabis spp. would bring 
transparency at all stages of the supply chain, reducing associated criminal activity and 
trafficking, ensuring drug safety and allowing monitoring of environmental impacts. 
Furthermore, legalization of the recreational use of Cannabis spp. offers an opportunity for 
                                               
 
1 This chapter previously appeared as an article in the Atmospheric Environment in 2019. The original citation is as 
follows: Wang, C.-T., Wiedinmyer, C., Ashworth, K., Harley, P. C., Ortega, J., and Vizuete, W.: Leaf enclosure 
measurements for determining volatile organic compound emission capacity from Cannabis spp., Atmospheric 
Environment, 2019, doi: 10.1016/j.atmosenv.2018.10.049 
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increased fiscal revenue: in the US state of Colorado, tax revenue from sales of Cannabis spp. 
for recreational use in 2014 (the first year of legal commercial sales) amounted to over $76 
million (UNODC, 2016). Many US states have followed Colorado’s lead, a trend that is expected 
to spread to many countries around the world.  
Cannabis spp. are native to the Indian sub-continent and require warm temperatures and 
high light intensity to achieve good yields. Optimal growing conditions for commercial varieties 
are typically around 30 ºC, 1000-1500 µmol m-2 s-1 of photosynthetically active radiation (PAR; 
depending on growth stage) and, in an outdoor environment, 22.7 L of water per day per plant 
(Green, 2009; Mills, 2012; Bauer et al., 2015). Although Cannabis spp. can be grown outdoors 
in many regions of the world, all large-scale commercial cultivation in Denver, Colorado occurs 
indoors or in greenhouses. This enables year-round operations, ensures security, and allows for 
the precise control of the growing environment to maximize yields. At indoor commercial 
facilities, such as those found in Denver, plants receive light 24 hours per day during the initial 
growth stages. Since Cannabis spp. are photoperiod sensitive (i.e. only flowering when the 
length of daylight shortens), once sufficient leafy biomass accumulation has occurred, the 
lighting regime in these facilities is altered to induce budding. In most cases, a 12-hour on, 12-
hour off pattern is used, but this can vary to as little as 8 hours on over a 24-hour period. 
Typically, the flower buds are enriched in the active ingredients Tetrahydrocannabinol (THC) 
and Cannabidiol (CBD) in comparison to foliage, and in most varieties, other plant tissues 
(stems, branches, roots) contain negligible amounts of these compounds. The average yield of 
saleable biomass from commercial strains of Cannabis spp. is around 1 kg per plant 
(Jankauskiene and Gruzdeviene, 2015; Green, 2009), and the approximate time to harvest is 2-3 
months, permitting ~5 crop cycles per year (Green, 2009). 
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The production of Cannabis spp. in indoor facilities has been the focus of studies 
quantifying the environmental impacts of energy and water use (Mills, 2012).  Considerably less 
is known about the potential impacts of this industry on indoor and outdoor air quality due to 
BVOCs emitted directly from the plants themselves. Cannabis spp. plant tissues, such as leaves 
and buds, are known to contain many BVOCs. Previous studies of dried plant material (Turner et 
al., 1980; Rice and Koziel, 2015b) and oil extracts from buds (Ross and ElSohly, 1996) have 
identified high concentrations of monoterpenes (C10H16), other terpenoid compounds (e.g. 
eucalyptol; C10H18O), sesquiterpenes (C15H24), and methanol that is associated with plant growth 
and cell expansion. Other studies have focused on identifying characteristic odor profiles to 
facilitate detection of illicit Cannabis spp. products or chromatographic signatures to detect 
smuggled drugs (Hillig, 2004; Fischedick et al., 2010; Rice and Koziel, 2015b). Measurements 
of BVOC concentrations in headspace and (illicit) grow rooms have detected and identified 
many hundreds of BVOCs, often in very low concentrations, of which mono- and sesquiterpenes 
are dominant. These species include: a-pinene, b-pinene, b-myrcene, limonene, hashishene, 
caryophyllene, and humulene (Martyny et al., 2013; Marchini et al., 2014). Hood et al. (Hood et 
al., 1973) analyzed the air above Cannabis spp. plants and found that the monoterpenes a-
pinene, b-pinene, b-myrcene and d-limonene accounted for over 85% of the detected VOCs 
emitted, with acetone and methanol contributing a further 10%. Marchini et al. (2014) reported 
the composition of headspace, but not the concentration of each species. Martyny et al. (2013) 
reported total monoterpene (consisting of a-pinene, b-pinene, b-myrcene and d-limonene) 
concentrations of 50-100 ppbv in the grow rooms of illicit cultivation facilities, suggesting high 
emissions from growing Cannabis spp.. Due to Cannabis spp. status as an illegal Schedule 1 
drug by the U.S. Drug Enforcement Agency (USDEA, 2017), there are no known systematic 
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studies to characterize and specifically quantify the volatile emissions during the growing and 
budding process. Based on previous studies, however, the Cannabis spp. plants have the 
potential to emit VOCs into the facility in which they are grown, and also into the atmosphere.  
Emissions of VOCs in urban areas have the potential to contribute to ozone production 
(Fehsenfeld et al., 1992; Pierce et al., 1998; Ryerson et al., 2001) and the formation of secondary 
organic aerosol (SOA) (Lee et al., 2006; Kanakidou et al., 2005). Once VOCs are released into 
the urban atmosphere, they can react with the hydroxyl (OH) radical, nitrate (NO3) radical, and 
ozone (O3) (Hites and Turner, 2009; Braure et al., 2014). These initial oxidation reactions lead to 
further atmospheric processing, which can ultimately lead to the formation of ozone and SOA. In 
Denver, for example, where there are >600 Cannabis spp. cultivation facilities releasing BVOCs, 
the magnitude of these emissions has the potential to impact local and regional air quality, 
depending to some extent on the precise mix of compounds emitted. To understand the effect of 
BVOC emissions from these facilities on atmospheric chemistry and composition, it is necessary 
to identify and quantify the sources.  
The goal of this study was to estimate the emission capacity (EC, µgC g-1 hr-1) range and 
terpene emission composition of cannabis plants. There is sparse BVOC data available from 
enclosure techniques, and thus these studies provide new data on the quantification of emissions 
of BVOCs from live commercially-available strains of Cannabis spp. at different phenological 
stages in their lifecycle. 
2.2 Methods 
 Air samples were collected from Cannabis spp. using plant enclosures onto solid 
adsorbent cartridges. These cartridges were later analysed using gas chromatography with mass 
spectrometry and flame ionization detection (GC-MS/FID) to identify individual BVOC 
 12 
compounds and quantify emission rates. The plants were purchased by volunteers and were 
handled, housed, and sampled in a private off-site location. After the experiments, those plants 
were disposed of and composted locally. We did not have access to laboratory facilities or a 
growth room with a controlled environment. Thus, these experiments should be viewed as field 
measurements.  
2.2.1 Cultivation  
 Four Cannabis spp. strains, commonly found in CCFs in Colorado, were studied: 
“Rockstar Kush” (RK), “Elephant Purple” (EP), “Lemon Wheel (LW)”, and “Critical Mass” 
(CM). Twelve plants (3 from each strain) were grown under monitored conditions over a period 
of 14 weeks during the summer of 2016. The plants were bought on July 8, 2016 and 
transplanted to 1 US gallon (3.8 litre) pots on July 15, 2016, at which time one additional pot 
(used as a control) was filled with identical soil. The soil used was a general use potting soil 
suitable for most plants. The plants were placed on trays and allowed to acclimate to the growing 
environment. The plants were kept well-irrigated with water being added to the trays every 2-3 
days. In a growing facility growing lights are kept on for 24 hours a day. Thus, three 15W LED 
growing lamps were positioned 1m above the top of the pots and the growing plants received 
500-900 µmol m-2 s-1 of light continuously for 24 hours (dependent on the distances between the 
leaf and growth light). The temperature of the growth room was not controlled and ranged 
between 15 – 30 ºC, which is typical for local ambient conditions during summer in Denver. All 
plants received the same treatment and were regularly rotated to minimize edge effects and to 
ensure, as much as possible, that all plants experienced the same light and temperature 
environment.  
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2.2.2 Plant Enclosure Sampling 
A standard plant enclosure sampling method was applied to measure BVOC emission 
rates (Tholl et al., 2006; Ortega and Helmig, 2008; Ortega et al., 2008). Air samples were 
collected from whole-plant enclosures for one specimen of each of the four strains and the blank 
pot after 12, 30, 46, and 96 days of growth since July 8, 2016. The same sampling routine was 
followed on each occasion. The pot containing the largest and tallest plant from each strain was 
selected and placed carefully in a 5 US gallon (19 liters) PFA Teflon pail liner (Welch 
Fluorocarbon, Dover, NH, USA). The plants were handled as gently as possible to minimize 
emissions due to disturbance (Ortega and Helmig, 2008; Ortega et al., 2008). Ambient air was 
pumped through Teflon tubing (25.4 mm O.D.), first through an activated charcoal filter to 
remove O3 and VOCs, and then into the enclosure system. This enclosure system was designed 
to act as a continuous stirred-tank reactor (CSTR) with a constant flow rate of 2.4-2.7 liter min-1. 
A thermocouple was fed into the air space, and the bag was then clamped tightly around the pot 
until the bag inflated, indicating positive pressure within the enclosure. Since the measurements 
were done indoors, a 90W growth lamp was positioned above the Teflon bag, delivering 650-900 
µmol m-2 s-1 (PAR) at the plant top as measured by a quantum sensor (Li-COR model 190-R, 
Lincoln, Nebraska). Air flowed continuously through the enclosure for 30 minutes prior to 
sampling, allowing time for several exchanges of air and for the VOC concentrations to reach a 
steady-state. After 30 minutes, BVOC sampling commenced. During sampling, two stainless 
steel adsorbent cartridges, each containing ~400 mg of Tenax TA and Carbograph 5TD in series 
(Markes International, Llantrisant, UK), were connected in parallel to the Teflon line exiting the 
enclosure. Air exiting the enclosure was pulled at a known flow rate (between 220-250 ml min-1) 
through each cartridge for 30 minutes, resulting in a sample collection on each cartridge of 
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between 6.5 and 7.5 liters. Terpene concentrations measured in these samples therefore 
represented an average over that 30-minute collection period, during which time flow rate, 
irradiance, and air temperature were maintained at a relatively constant value. 
Following sampling, each cartridge was securely capped at both ends and refrigerated 
prior to analysis. After 46 and 96 days of growth, the sampled plants were harvested and dried at 
room temperature for over one week. At the end of the drying time, leaves and buds were 
removed from each plant, and weighed to obtain the dry weight mass (Mdry (g)) for each strain. 
Of the original 12 plants, the 10 healthiest ones by visual inspection were chosen for sampling. 
The emission rates were therefore normalized using leaves from the plants that were weighed in 
the 46- and 96-day growth periods. Details of the leaf enclosure measurements are presented in 
Table 1. In addition to the enclosure measurements of the four Cannabis spp. strains, air samples 
were taken from the pot containing only soil and from an otherwise empty enclosure bag to act 
as controls. For these controls, the soil was moistened, and the Teflon bag was placed around the 
pot in the same way that the plants were treated. 
 Enclosure carbon dioxide (CO2) concentrations are important for the calculation of 
photosynthesis rates. Further, is important to keep CO2 concentrations similar to ambient 
conditions so that BVOC emission rates are not inadvertently affected. These measurements of 
CO2 concentrations, however, were not available during this study. In the study to keep 
concentrations similar to ambient we developed a protocol that set the input air flow rate of 2.4-
2.7 L min-1 resulting in a high chamber air exchange rate of 8.2 hr-1. Using this exchange rate we 
calculated the reduction in CO2 by assuming: photosynthesis rates of 10 µmol m-2 s-1, ambient 
input CO2 concentration of 400 ppm, active leaf area of 0.015 m2 per plant. The estimated 
reduction in steady-state CO2 concentrations were approximately 300 ppm or a reduction of 100 
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ppm. There amount of reduction is within the normal range of plant enclosure experiments. 
Therefore, we assume that this did not have an adverse impact on BVOC emission rates. 
2.2.3 Analysis method and instrument (GCMS & GCFID) 
 Samples were thermally desorbed from the cartridges and analysed using a Gas 
Chromatograph (GC) (Agilent Technologies, model 7890A) coupled to both a flame ionization 
detector (FID) and a mass spectrometer (MS) (model 5975C), following published protocols 
(Harley et al., 2014). Thermal desorption (TD) was achieved by heating the adsorbent cartridges 
to 275°C in a UNITY TD (model UNITY, Markes International, Llantrisant, UK), followed by 
focusing the analyses on to a small cryotrap, and then heating this final trap as the analytes were 
injected on to the column. Helium was used as the carrier gas in the capillary column (RESTEK 
Rtx-5 model 10224, 30m, 0.32mm, ID, 0.25µm film thickness). The GC oven temperature cycle 
started at 35°C and was held at that temperature for 1 minute, subsequently increasing 10ºC per 
minute up to 260ºC for each cartridge. The peak area associated with m/z 93, the dominant 
monoterpene ion fragment, of each terpenoid was quantified by GC-MS. To account for changes 
in MS sensitivity, 2ml of an internal standard, decahydronaphthalene (DHN), was sampled on to 
each adsorbent cartridge during the analysis.  The measured terpenoid signals were normalized 
by dividing the m/z 93 mass fragment by the m/z 95 fragment of DHN. Additional calibrations 
were performed by loading sorbent tubes with 100 standard cm3 of a gas-phase standard 
containing 335 ppbv of isoprene and 215 ppbv of the monoterpene camphene. Two to four of 
these standard samples were run on the GC-MS and GC-FID for each batch of enclosure 
samples. The resulting signals were used to calculate a GC-FID response factor and a GC-MS 
sensitivity, which in turn were used to calculate gas-phase concentrations and emission rates. 
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 The National Institute of Standards and Technology (NIST) database was used to 
identify individual monoterpenes from the GC-MS peaks by their mass fragmentation patterns 
using electron impact ionization. The preliminary calculations of VOC concentrations based on 
GC-MS peak areas were cross-checked against the GC-FID. FID peaks of the DHN internal 
standard were used to ensure consistency and flag instrument drift. The measurement limitations 
of GC-FID and GC-MS are calculated using the blank sample. For the terpene compounds, the 
detection limits (DL) are three standard deviations of blank values. The average VOC 
concentrations from the two cartridges drawn from each enclosed plant, typically calculated by 
the GC-FID, was used due to its stability and linearity. In the case that there was a co-elution 
effect and the FID signal was lower than the FID detection limits, the GC-MS results were used. 
The DL of terpene by GC-MS is 0.004 µg C hr-1. If the results were lower than the limits a Non-
Detection symbol (ND) is shown. All of the emission rate calculated from the FID and MS signal 
are included in the supplemental document as Table 2.2(A) and Table 2.2(B). Other details about 
the analysis, such as retention time of each terpene species and fragment percentage of ion m/z 
93 are also included in the supplemental document shown in Table 2.3.  
2.2.4 Calculation of Emission Capacity  
The EC and its algorithms were standardized in Guenther et al., 1993 and are based 
entirely on temperature and incident light energy. Our study follows these best practices, which 
have been applied to several studies (Sakulyanontvittaya et al., 2008; Funk et al., 2003; Ortega 
and Helmig, 2008; Ortega et al., 2008). While this is the standard practice in derivation of EC for 
atmospheric chemistry-climate modelling, there is evidence to suggest that monoterpene 
emissions from many plant species represent a combination of direct and stored emissions 
(Staudt et al., 1997; Kesselmeier and Staudt, 1999; Niinemets et al., 2004). As monoterpenes 
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share a common synthesis pathway with isoprene, direct emissions of certain monoterpenes are 
dependent on light as well as temperature (Kesselmeier and Staudt, 1999; Lichtenthaler, 1999). 
In absence of direct evidence, such as that provided by light-dark transition experiments, the 
light-independent (Tingey et al., 1980; Guenther et al., 1991) and light-dependent algorithms 
(Guenther et al., 1993; Staudt et al., 1997; Guenther, 1997) were both therefore calculated for the 
potential EC of all terpenoid emissions. 
Based on the concentration of each VOC calculated by GC-MS/FID and the air sampling 
flow rate, a rate of emission, Fi (µgC g-1 h-1), for each VOC species i was calculated using 
Equation 2.1 (Ortega and Helmig, 2008):  
     𝐹# =
%&'()*+,'(-./+0&
1230
    (2.1) 
where  𝐶#567 is the concentration of VOC species i (µgC mol
-1) in air exiting the enclosure 
containing a Cannabis spp. plant, 𝐶#89:7;  is the concentration of VOC species i (µgC mol
-1) in 
air exiting the enclosure containing only the empty pot with soil and water,  𝑀=>; is the dry mass 
of leaves (g), and 𝑄 is the flow rate of air into the enclosure system (about 5.44 mol h-1). 
Calculated values of Fi therefore represent emission rates at measured temperatures and PAR. 
The emission capacity (ei) for VOC i was calculated following Guenther et al. (1995) :  
      𝜀# = 𝐹#/𝛾     (2.2) 
where ei is the emission capacity at 𝑇D=30 ºC (µgC g-1 h-1), Fi is the emission rate of the VOC i 
(µgC g (dry matter)-1 h-1) calculated using Equation 2.1, and g is a dimensionless activity factor 
which corrects for temperature and light conditions. In equation 2.3, g is defined for temperature 
and independent of light.  
      𝛾 = 𝑒𝑥𝑝[𝛽(𝑇 − 𝑇D)]    (2.3) 
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where b is an empirical coefficient (in K-1) taken as b=0.09 for all monoterpenes, eucalyptol, and 
sesquiterpenes (Guenther et al., 1991; Ortega and Helmig, 2008; Ortega et al., 2008).  
In equation 2.4, the g is a factor with a light dependent condition(Guenther et al., 1993; 
Guenther, 1997; Staudt et al., 1997).  











g    (2.4) 
where L is the photosynthetically active radiation (PAR, µmol m-2 s-1 ), R is the ideal gas 
constant (8.314J.K-1mol-1). a (=0.0027), CL1 (=1.066), CT1 (=95,000 J mol-1), CT2 (=230,000 J 
mol-1), CT3 (=0.961) and TM (=41 ºC) are empirical coefficients.  
2.3 Results 
The terpene emission rates per plant (µgC h-1) and the percentage composition of the 
different emitted terpenes were calculated at 30 and 46 days of growth for all four Cannabis spp. 
strains with and without a light dependency. When a light-dependency was applied to plants at 
46 days of growth, we estimated an increase of 5-10% in the emission rate. Given the high level 
of uncertainty in our rate estimate, the lower values without a light dependency are described in 
the following results. All estimates using a light dependency can be found in Table 2.2(A) and 
2.2(B). Figure 2.1 shows the measured composition and estimated terpene emission rates. These 
values are not normalized by leaf weight since the foliage was kept intact until 46 days of 
growth. β-myrcene and eucalyptol are the most abundant BVOC species at these two growth 
stages in all four strains, although the composition of terpene emissions varies among the growth 
stages and strains (Figure 2.1). In each strain, the whole-plant emission increased as the plants 
grew bigger, which is to be expected due to the increased amount of foliage between 30 and 46 
days. Critical Mass had the highest emission rate at both 30- and 46-day growth stages with 1.4 
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µgC h-1 and 8.6 µgC h-1 per plant. The terpenoid composition of Critical Mass emissions also 
changed across the different growth stages, at 30 days of growth the terpenoids with the highest 
emission rates were β-myrcene (43%), and eucalyptol (19%). Sixteen days later the largest 
emitted species were eucalyptol (32%), β-myrcene (18%) and γ-terpinene (14%). For Lemon 
Wheel, eucalyptol (33%, 38%) and β-myrcene (26%, 27%) were the dominant emissions. For 
Elephant Purple and Rockstar Kush the highest emissions were from β-myrcene (39% and 41%), 
eucalyptol (25% and 28%), and d-limonene (17% and 8%) at 30 days. At 46 days Elephant 
Purple and Rockstar Kush had increases in γ-terpinene (8%) and caryophyllene (5%) emissions. 
After 46 days of growth, the ECs of three different strains were calculated at 30 ºC and 
normalized by dry leaf weight (Figure 2.2A). These were calculated using GC-FID data unless 
there was a co-elution effect and the GC-MS signal was used as shown in Table 2.4. Dry leaf 
mass was not measured for Elephant Purple, hence EC could not be calculated for this strain. The 
highest total terpene EC (including monoterpenes, eucalyptol and caryophyllene) was 8.7±0.7 
µgC g-1 hr-1 for the Critical Mass strain, of which 5.7±0.5 µgC g-1 hr-1 (66%) was monoterpenes, 
2.8±0.19 µgC g-1 hr-1 (32%) was eucalyptol, and 0.2±0.01 µgC g-1 hr-1 (2%) was caryophyllene. 
Total terpene EC for Lemon Wheel and Rockstar Kush were 5.9 µgC g-1 hr-1 and 4.9 µgC g-1 hr-
1. For Lemon Wheel, eucalyptol contributed 2.2 µgC g-1 hr-1 (38%) and monoterpenes 3.5 µgC g-
1 hr-1 (59%); whereas for Rockstar Kush, the contributions were 0.8 µgC g-1 hr-1 (17%) and 3.7 
µgC g-1 hr-1 (76%). The complete emission capacities of all terpene species, based using both the 
GC-FID and GC-MS data, are shown for all strains in Figure 2.3. 
The emission variations of each terpene species among the three different Cannabis spp. 
strains after 46 days of growth are illustrated in Figure 2.2(B), which shows the mean for each 
species and ranges displayed as standard deviations. The primary emissions from Cannabis spp. 
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are monoterpenes (ranging between 3.1-5.5 µgC g-1 hr-1) and eucalyptol (1.0-3.0 µgC g-1 hr-1). 
The absolute value and range of caryophyllene emission capacities are much smaller at 0.18-0.3 
µgC g-1 hr-1. 
To understand the potential impact of these emissions on air quality, the Ozone 
Formation Potential (OFP) in μg ozone per gram dry weight of Cannabis spp. per hour of each 
terpene was calculated as shown in Equation 2.5 (Ou et al., 2015) : 
OFP = Emission capacity (μg/g/hr) × MIR (ozone(g)/VOC(g))  (2.5) 
where MIR is the Maximum Incremental Reactivity (CARB, 2010) defined as the 
maximum number of grams of ozone produced per gram of reactant VOC. For this study, if a 
specific MIR is not available, the reported average monoterpene MIR (4.04 ozone(g)/VOC(g)) 
was applied to calculate OFPs. A surrogate MIR for a C15 alkene was used for caryophyllene, 
due to it having the same carbon number and being a similar alkene species.  
Figure 2.4(A) shows the OFP estimated for the individual terpenes emitted from three 
Cannabis spp. strains (Critical Mass, Lemon Wheel, and Rockstar Kush). The total OFP rate of 
Critical Mass is 41 µg g-1 hr-1, Lemon Wheel is 27 µg g-1 hr-1 and Rockstar Kush is 22 µg g-1 hr-1. 
For Critical Mass and Lemon Wheel, the eucalyptol and β-myrcene species make up 50% of the 
total OFP rate. The OFPs of Critical Mass for eucalyptol and β-myrcene are 12.8 µg g-1 hr-1 and 
7.3 µg g-1 hr-1. The OFPs of Lemon Wheel for eucalyptol and β-myrcene are 10.2 µg g-1 hr-1 and 
7.1 µg g-1 hr-1. Rockstar Kush has a higher β-myrcene OFP rate, which is 9.7 µg g-1 hr-1, and 
eucalyptol is 3.7	µg g-1 hr-1.  
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Figure 2.4(B) shows the SOA formation potentials (SFPs) based on the (SOA) yield 
(Iinuma et al., 2009; Lee et al., 2006; Fry et al., 2014; Slade et al., 2017) of individual terpenes 
as calculate from Equation 2.6.  
   SFP = Emission capacity (μg/g/hr) × SOA Yield   (2.6) 
Figure 2.4(B) estimated the SOA formation potential from the terpene species emitted 
from Critical Mass, Lemon Wheel and Rockstar Kush after 46 days of growth. For compounds 
without a published SOA yield (marked: #), we assumed an SOA yield 0.3. The total SFP of 
Critical Mass is about 2.4 µg g-1 hr-1; with eucalyptol generating 0.63µg g-1 hr-1 of SOA, and γ-
terpinene 0.4 µg g-1 hr-1 of SOA. For Lemon Wheel, the total SFP is 1.6 µg g-1 hr-1, with 
eucalyptol contributing 0.51 µg g-1 hr-1, β-myrcene is 0.19 µg g-1 hr-1 and d-limonene is 0.19 µg 
g-1 hr-1. For Rockstar Kush, the total SFP is 1.3 µg g-1 hr-1, with 0.26 µg g-1 hr-1 from β-myrcene, 
and 0.27 µg g-1 hr-1 from d-limonene. Eucalyptol, γ-terpinene, and d-limonene have the largest 
SOA yields, but emissions were low for the strains tested here. The complete numbers of OFP 
and SFP of all terpenes for all strains are in supplemental Table 2.5. 
2.4 Discussion and Conclusion 
This study presents the first enclosure measurements of VOC emission rates from four 
commercial Cannabis spp. strains. This is a limited data set given the number of available strains 
and possible growing conditions. These measurements do, however, offer a good first step of 
demonstrating the potential impacts of emission from this new industry and provide constraints 
over possible ranges of emission rates. The results show that the magnitude of the emission rates 
from Cannabis spp., and the composition of the terpenes emitted, vary by strain and growing 
stage. These emitted terpenes also differ from other biogenic emissions from plant species 
normally found in Colorado. For example, the abundance of Pinus spp. in the region results in α-
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pinene and β-pinene being the dominant terpene emissions with comparable amounts of 2-
methyl-3-buten-2-ol (Harley et al., 1998). Terpene emissions from all our Cannabis spp. strains 
had eucalyptol and 𝛽-myrcene as the highest emitted species. Ross et al. (Ross and ElSohly, 
1996) also found that fresh buds of Cannabis spp. plants were about 67% β-myrcene. Similar to 
our results, Fischedick et al. 2010 (Fischedick et al., 2010) found that terpenes extracted from 
buds had different compositions across 11 strains. In six of these strains the dominant terpene 
was also β-myrcene (>35%).  
It is important to note that for large-scale Cannabis spp. cultivation facilities the growth 
conditions are optimized. This includes elevating CO2 concentrations to 1,500 ppm in growing 
rooms, carefully managing water use, elevating light to >1,000 µmol m-2 s-1 (PAR), and 
maintaining temperatures greater than 30 ºC. Further, these growers routinely use pesticides and 
fertilizer to optimize plant growth (Bauer et al., 2015; Mills, 2012; Ashworth and Vizuete, 2017). 
In these experiments plants were not grown at these ideal conditions, and thus the emissions 
measured here should be seen as a conservative estimate of the total amount of VOCs emitted 
from commercial facilities. Further, this study was also limited in the number strains that were 
analyzed. Four strains of Cannabis spp. were measured in this study, however, there are a 
reported 620 Cannabis spp. strains planted in Denver cultivation facilities (Leafly, 2018). Those 
strains in CCF could change over time based on both consumer demand and other market factors. 
To constrain such uncertainties, further studies are required with a greater number of strains, a 
wider range of treatments focusing on light and temperature dependencies, controlled growing 
environments, and data that includes rates of venting to the atmosphere. As far as possible, 
conditions should reflect current industry practices so that a representative dataset of Cannabis 
spp. emission capacities could be built for the whole lifecycle of Cannabis spp. Such a dataset 
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would enable authorities to assess the potential impacts of this new industry on regional air 
quality and if necessary determine mitigation strategies.  
According to the Colorado Department of Revenue (CDOR, 2018a), there were more 
than 1,400 CCFs in Colorado in 2017, with over 600 in the Denver metro area. If these emissions 
from these cultivations are released into the ambient atmosphere they have the potential to 
impact local ozone and particulate matter (PM). For example, if each of the 600 facilities in 
Denver contained the permitted 10,000 plants (CDOR, 2018a), with an assumed biomass of 1 
kg/plant (Jankauskiene and Gruzdeviene, 2015; Green, 2009), and all emissions were released 
into the atmosphere, a EC of 8.7 µgC g-1 hr-1 emission capacity would result in the annual total 
terpene emission of 520 metric ton year-1. This emission rate is more than twice that of the 250 
metric ton year-1 of total biogenic VOC emissions for Denver as estimated by the Western Air 
Quality Study (WAQS, 2017) for Colorado’s 2008 regulatory air quality model simulations 
(RAQC, 2016). Using MIR values shown in Figure 2.4 these BVOC emissions could produce 
2,100 metric ton year-1 of ozone, and using the yields shown in Figure 2.4 produce 131 metric 
ton year-1 of PM. Given the location of the VOCs emitted from Cannabis spp. from facilities in 
downtown Denver near major urban anthropogenic sources, there is the potential for the 
emissions from the commercial cultivation of Cannabis spp. to impact regional concentrations of 
ozone and PM. Additional work is needed to assess these potential air quality impacts in air 
quality model evaluations of not only Colorado, but in other states where the commercial 




Table 2.1 Summary of leaf enclosure sampling conditions including flow rates, leaf area (when 
measured), and dry leaf weight. 
 
  
Strain Air temp. in enclosure (ºC)
PAR (µmol 
m-2 s-1)














































Critical Mass 23.9 650 30 0.015
Lemon Wheel 23.9 650 30 0.0093
Elephant 
Purple 23.4 650 30 0.0047
Rockstar 
Kush 22.5 650




Critical Mass 27 900 30 N/A
Lemon Wheel 28 900 30 N/A
Elephant 













Table 2.2 The estimated VOC emission rate per plant (µgC h-1) based on data from the Gas 
Chromatograph coupled to a flame ionization detector (GC-FID) and mass spectrometer (GC-
MS) (A) without a light dependency and (B) with a light dependency. The bold font indicates the 
data used to estimate emission capacity (EC). When possible the GC-FID data was selected due 
to its stability and linearity. If there was a co-elution effect, or if the GC-FID signal was lower 
















FID ( µg C / h) 0.033 0.060 0.037 0.024 0.096 0.592 - - 0.048 0.077 0.039 0.044 ND 0.021 0.258
MS  (µg C / h) 0.050 0.060 0.015 0.027 0.029 0.467 0.012 0.028 - 0.112 0.049 0.071 0.021 - -
FID ( µg C / h) 0.029 0.031 0.034 - - 0.243 ND - 0.021 0.040 ND 0.088 ND ND 0.300
MS  (µg C / h) 0.039 0.028 0.007 0.046 0.036 0.073 ND 0.014 - 0.058 0.012 0.079 0.021 - -
FID ( µg C / h) ND ND ND ND ND 0.364 ND ND 0.120 0.162 ND ND ND ND 0.237
MS  (µg C / h) 0.008 0.008 ND ND ND 0.116 ND ND - 0.025 0.021 0.019 ND - -
FID ( µg C / h) 0.013 0.009 0.031 ND ND 0.291 ND ND 0.018 0.057 ND ND ND ND 0.195
MS  (µg C / h) 0.010 0.007 0.017 ND ND 0.164 ND ND - 0.046 0.042 0.043 ND - -
FID ( µg C / h) ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND
MS  (µg C / h) ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND
FID ( µg C / h) 0.291 0.232 - 0.939 - 1.573 - 0.195 0.312 0.363 ND 1.203 0.324 0.202 2.751
MS  (µg C / h) 0.318 0.278 0.028 0.260 0.123 1.164 0.055 0.132 - 0.237 ND 0.452 0.127 - -
FID ( µg C / h) 0.090 0.126 - 0.062 - 0.917 - 0.139 0.163 0.194 ND 0.271 ND 0.125 1.324
MS  (µg C / h) 0.084 0.127 0.009 0.060 0.063 0.264 0.019 0.043 - 0.162 ND 0.150 0.022 - -
FID ( µg C / h) 0.076 0.131 ND ND - 2.663 - - 0.028 0.136 ND 0.356 ND 0.222 0.759
MS  (µg C / h) 0.066 0.109 ND 0.010 0.060 1.592 0.016 0.024 - 0.199 ND 0.138 ND - -
FID ( µg C / h) 0.026 0.065 - ND - 0.942 ND 0.116 0.128 0.215 ND - ND 0.139 0.362
MS  (µg C / h) 0.013 0.063 0.022 0.007 0.076 0.585 ND 0.024 - 0.162 ND 0.060 ND - -
FID ( µg C / h) ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND
















Blank pot with soil











FID ( µg C / h) 0.043 0.077 0.047 0.031 0.124 0.760 - - 0.062 0.099 0.050 0.057 ND 0.028 0.331
MS  (µg C / h) 0.032 0.039 0.010 0.017 0.019 0.299 0.008 0.018 - 0.072 0.031 0.046 0.013 - -
FID ( µg C / h) 0.037 0.040 0.043 - - 0.311 ND - 0.028 0.051 ND 0.113 ND ND 0.385
MS  (µg C / h) 0.025 0.018 0.005 0.029 0.023 0.047 ND 0.009 - 0.037 0.008 0.051 0.013 - -
FID ( µg C / h) ND ND ND ND ND 0.476 ND ND 0.157 0.211 ND ND ND ND 0.310
MS  (µg C / h) 0.005 0.005 ND ND ND 0.076 ND ND - 0.016 0.013 0.012 ND - -
FID ( µg C / h) 0.016 0.017 0.042 ND ND 0.395 ND ND 0.024 0.077 ND ND ND ND 0.263
MS  (µg C / h) 0.007 0.005 0.012 ND ND 0.111 ND ND - 0.031 0.028 0.029 ND - -
FID ( µg C / h) ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND
MS  (µg C / h) ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND
FID ( µg C / h) 0.314 0.250 - 1.015 - 1.699 - 0.211 0.337 0.392 ND 1.299 0.350 0.218 2.893
MS  (µg C / h) 0.343 0.300 0.030 0.281 0.133 1.257 0.060 0.143 - 0.256 ND 0.488 0.121 - -
FID ( µg C / h) 0.094 0.132 - 0.065 - 0.961 - 0.146 0.171 0.203 ND 0.283 ND 0.135 1.387
MS  (µg C / h) 0.088 0.133 0.009 0.063 0.066 0.276 0.020 0.045 - 0.169 ND 0.157 0.023 - -
FID ( µg C / h) 0.085 0.146 ND ND - 2.974 - - 0.031 0.152 ND 0.398 ND 0.248 0.847
MS  (µg C / h) 0.074 0.122 ND 0.011 0.066 1.778 0.018 0.027 - 0.222 ND 0.155 ND - -
FID ( µg C / h) 0.028 0.071 - ND - 1.034 ND 0.127 0.141 0.237 ND - ND 0.153 0.397
MS  (µg C / h) 0.014 0.069 0.024 0.008 0.084 0.642 ND ND - 0.178 ND 0.066 ND - -
FID ( µg C / h) ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND
















Blank pot with soil
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Table 2.3 The retention time and fragment used for Gas Chromatograph with mass spectrometer 
(GC-MS) 
 
Table 2.4 The terpene emission composition for four different strains 
 
Table 2.5 The estimated Ozone Formation Potential (OFP) and SOA Formation Potential (SFP) 











thujene 8.4 93 28.6
alpha-pinene 8.56 93 26.3
camphene 8.89 93 18.8
sabinene 9.3 93 26.6
beta-pinene 9.43 93 25.5
beta-myrcene 9.54 93 23.7
alpha-phellandrene 9.93 93 32.1
alpha-terpinene 10.13 93 15.4
p-cymene 10.28 119 -
d-limonene 10.39 93 12
cis-beta-ocimene 10.56 93 22.4
gamma-terpinene 10.87 93 20
terpinolene 11.38 121 14.5
caryophyllene 16.9 93 -
eucalyptol 10.5 93 -
emission rate         
(µg C / h)









Critical Mass 1.392 2.4% 4.3% 2.6% 1.7% 6.9% 42.6% 0.9% 2.0% 3.4% 5.5% 2.8% 3.2% 1.5% 1.5% 18.5%
Lemon Wheel 0.913 3.1% 3.4% 3.7% 5.0% 3.9% 26.6% 0.0% 1.5% 2.3% 4.4% 1.3% 9.7% 2.3% 0.0% 32.8%
Elephant Purple 0.942 0.9% 0.8% 0.0% 0.0% 0.4% 38.6% 0.0% 0.0% 12.8% 17.2% 2.2% 2.0% 0.0% 0.0% 25.1%
Rockstar Kush 0.703 1.8% 1.3% 4.4% 0.0% 0.5% 41.5% 0.0% 0.0% 2.6% 8.1% 5.9% 6.2% 0.0% 0.0% 27.7%
Critical Mass 8.589 3.4% 2.7% 0.3% 10.9% 1.4% 18.3% 0.6% 2.3% 3.6% 4.2% 0.0% 14.0% 3.8% 2.4% 32.0%
Lemon Wheel 3.521 2.6% 3.6% 0.3% 1.7% 1.8% 26.0% 0.5% 3.9% 4.6% 5.5% 0.0% 7.7% 0.6% 3.6% 37.6%
Elephant Purple 4.480 1.7% 2.9% 0.0% 0.2% 1.3% 59.4% 0.4% 0.5% 0.6% 3.0% 0.0% 8.0% 0.0% 5.0% 16.9%







OFP (µg/g/h) thujene alpha-
pinene







Critical Mass 1.4 1.2 0.1 4.5 0.5 7.3 0.9 2.0 1.9 5.6 2.4 0.4 12.8
Lemon Wheel 0.7 1.1 0.1 0.5 0.4 7.1 1.1 1.7 1.7 2.1 0.3 0.4 10.2
Rockstar Kush 0.3 0.7 0.2 0.1 0.7 9.7 1.2 1.8 2.5 0.6 0.0 0.6 3.7
SFP (µg/g/h)
Critical Mass 0.10 0.11 0.01 0.32 0.02 0.20 0.11 0.11 0.21 0.42 0.07 0.10 0.63
Lemon Wheel 0.05 0.10 0.01 0.03 0.02 0.19 0.13 0.09 0.19 0.16 0.01 0.11 0.51




Figure 2.1 Total terpene emission rate per plant (𝜇g C hr-1) and composition of emissions for 
(A) 30-day, and (B) 46-day growth periods from four strains of Cannabis spp.: Critical Mass, 
Lemon wheel, Elephant Purple, and Rockstar Kush. Numbers in parentheses represent the 
percentage of total emissions.  
(A)  30 Days of Growth (B)  46 Days of Growth 
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Figure 2.2 Calculated emission capacities (ECs, µgC g-1 hr-1) derived from measurements after 
46 days of growth normalized by dry leaf weight (g) and a standard temperature of 30ºC for (A) 
Critical Mass, Lemon Wheel, and Rockstar Kush strains of Cannabis spp., and the variation of 
EC for (B) total monoterpenes, eucalyptol and caryophyllene among the three strains. No EC for 
the Elephant Purple strain was estimated due to lack of dry leaf mass data. Eucalyptol is a cyclic 
ether with a terpenoid structure (C10H18O), the monoterpene structure is C10H16, and 






Figure 2.3 The emission capacities for all measured terpene compounds among the three 
























Figure 2.4 For the Critical Mass, Lemon Wheel, and Rockstar Kush strains, after 46 days of 
growth, the (A) The Ozone Formation Potential (OFP) rate estimated using the Maximum 
Incremental Reactivity (MIR) ratio (CARB, 2010) and (B) estimated SOA Formation Potential 
(SFP) based on published SOA yields  [1(Lee et al., 2006), 2(Iinuma et al., 2009), 3(Slade et al., 
2017), and 4(Fry et al., 2014)].  
  
* Used monoterpene MIR = 4.04 
´ Used 15C-alkene MIR = 1.71 
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CHAPTER 3: POTENTIAL REGIONAL AIR QUALITY IMPACTS OF CANNABIS 
CULTIVATION FACILITIES IN DENVER, COLORADO1 
3.1 Introduction 
The rapid expansion of one of the United States’ newest industries, the commercial 
production and sale of recreational cannabis, was recently likened to the millennial “dot com” 
boom (Borchardt, 2017). With an increasing number of states passing bills to legalize 
recreational cannabis, the enterprise is set to rival all but the largest of current businesses. The 
cultivation, sale, and consumption of recreational cannabis annual sales revenues had reached 
$1.5 billion in the US state of Colorado by 2017 (CDOR, 2018b), exceeding revenues generated 
by grain farming in the state. The commercial cultivation and sale of cannabis is not subject to 
the same strict environmental monitoring and reporting procedures as other industries of similar 
size. While the relaxation of laws has provided certain medicinal and economic opportunities for 
the states involved, the potentially significant environmental impact on air quality due to the 
production of cannabis has largely been ignored. 
Previous research on the wider impacts of cannabis production has been limited due to its 
federal status as an illegal or controlled substance (Crick et al., 2013; Eisenstein, 2015; Andreae 
et al., 2016; Stith and Vigil, 2016). As a result of this status, most studies have focused on the 
pharmacological and health effects of the psychoactive constituents of Cannabis spp.
                                               
 
1 This chapter previously appeared as an article in Atmospheric Chemistry and Physics in 2019. The original citation 
is as follows: Wang, C.-T., Wiedinmyer, C., Ashworth, K., Harley, P. C., Ortega, J., Rasool, Q. Z., and Vizuete, W.: 
Potential Regional Air Quality Impacts of Cannabis Cultivation Facilities in Denver, Colorado, Atmos. Chem. Phys., 
2019, doi: 10.5194/acp-19-13973-2019  
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 (Ashton, 2001; Borgelt et al., 2013; WHO, 2016), or the societal impacts associated with the 
illicit nature of the industry (IDCP, 1995; Sznitman and Zolotov, 2015; WHO, 2016). The few 
assessments to date on the environmental impacts of the production of Cannabis spp. have 
centered on the detrimental effects of outdoor cultivation on ecosystems and watersheds due to 
land clearance and high-water demand (Bauer et al., 2015; Carah et al., 2015; Butsic and 
Brenner, 2016). Studies have also quantified the energy consumption of the industry and the 
resulting greenhouse gas emissions associated with indoor cultivation (Mills, 2012). Little 
attention has been paid to the possible biogenic volatile organic compounds (BVOCs) emitted 
from the growing of cannabis and its impact on indoor and outdoor air quality.  
The only studies that have measured the composition of gaseous emissions from cannabis 
have been limited to headspace samples above the plants (Hood et al., 1973; Turner et al., 1980; 
Martyny et al., 2013). These studies have shown high concentrations of VOCs such as 
monoterpenes (C10H16), sesquiterpenes (C15H24), and cannabinoids. These studies also measured 
thiols, a sulfur-containing compound responsible for the characteristic odor of Cannabis spp. 
(Rice and Koziel, 2015b, a). The principle (trace) components are reported to be: α- and β-
pinene, β-myrcene, d-limonene, cis-ocimene, β-caryophyllene, β-farnesene and α-humulene 
(Hood et al., 1973; Turner et al., 1980; Hillig, 2004; Fischedick et al., 2010; Martyny et al., 
2013; Marchini et al., 2014; Rice and Koziel, 2015b). The precise mix of chemical species, 
however, was strongly dependent on strain and the growing conditions (Fischedick et al., 2010). 
It should be noted that the pharmacologically active ingredients, e.g., Tetrahydrocannabinol (Δ9-
THC), generally have low volatility and therefore are rarely detected in the gas-phase (Martyny 
et al., 2013). Measurements in (illicit) CCFs in conjunction with law enforcement raids in 
Colorado in 2012 found VOC concentrations of terpenes to be 50-100 ppb within growing rooms 
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(Martyny et al., 2013). In these cases, the CCF operation contained fewer than 100 plants, 
compared with the thousands of plants found in currently licensed premises (CDOR, 2018a). 
Further, the Spokane Regional Clean Air Agency (SRCAA) study in Washington state measured 
indoor VOCs in seven flowering rooms and two dry bud rooms across four different CCFs. The 
average terpene concentration was 361 ppb (27-1,676 ppb) in those facilities (Southwellb et al., 
2017). These indoor measurements indicate the presence of BVOCs, but only limited studies 
have actually determined the chemical profile of gases actually emitted by the growing plants. 
For comparison, summertime outdoor monoterpene concentrations in forested regions of 
Colorado are typically less than 4 ppb (Ortega et al., 2014). 
Terpenoids, such as monoterpenes (C10H16) and sesquiterpenes (C15H24), are highly 
reactive compounds with atmospheric lifetimes ranging from seconds to hours (Fuentes et al., 
2000; Seinfeld and Pandis, 2006). They are primarily biogenic in origin (Fuentes et al., 2000; 
Guenther et al., 2012) and their reactions alter the atmospheric oxidizing capacity, resulting in a 
range of low volatility products that can partition into the aerosol phase and, depending on the 
concentration of nitrogen oxides (NOx), lead to the formation of ozone (Laothawornkitkul et al., 
2009; Guenther et al., 2012). Both ozone and aerosols are climate-relevant components of the 
atmosphere as well as criteria air pollutants (USEPA, 2016).  
In Colorado, the commercial growing of Cannabis spp. is restricted to secure and locked 
premises, resulting in indoor operations in most counties (CDOR, 2018a). Since legalization, the 
number of cannabis cultivation facilities (CCFs) has risen to 1,400 across the state of Colorado in 
2018, including more than 233 registered recreational and 375 medical CCFs within the Denver 
city limits alone. In Denver, the CCFs are commonly housed in commercial warehouses and the 
majority of these are located near transport links such as train hubs and major interstate 
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highways (CDOR, 2019; Mills, 2012). Denver and the Front Range area are currently classified 
as “moderate” nonattainment of the ozone standard (USEPA, 2017a). Due to that status, a 
federally mandated State Implementation Plan (SIP) was developed and mutually agreed upon 
between the state of Colorado and the United States Environmental Protection Agency (EPA) 
(CDPHE, 2009). Under the terms of the SIP, Colorado Air Quality Control Commission (AQCC) 
developed regulatory models to predict reductions in ozone precursors (CDPHE, 2009). These 
studies have found that ozone concentrations in Denver are VOC-sensitive, meaning that an 
increase in VOC concentrations will increase ozone production (UNC-IE and ENVIRON, 2013). 
The location of CCFs in a VOC sensitive region in Denver suggests a potential emission source 
that may impact regional air quality (UNC-IE and ENVIRON, 2014). This work used the best 
available information to produce the first emission inventory of VOCs from CCFs in Colorado. 
Colorado’s regulatory model was then used to determine the extent that these emissions could 
impact regional air quality. 
3.2 Materials and Methods 
3.2.1 Emission Rate calculation 
Figure 3.1(A) shows the locations of the licensed 739 recreational and 733 medical CCFs 
in Colorado as of March 2018 (CDOR, 2018a). Eq. 3.1 was first used to estimate an emission 
rate for each CCF, and then all CCFs were used to build a bottom-up BVOC emission inventory. 
𝐸𝑅# 	= 	∑ 𝐸𝐶#p × 	𝐷𝑃𝑊#p ×	𝑃𝐶#pp   (3.1) 
Where, ERi (µg h-1) is the total emissions rate for CCF i based on the sum of emission 
rates for all j cannabis strains; ECij is the emission capacity (µg dwg-1 h-1) for cannabis strain j in 
facility i, DPWij is the dry plant weight per plant (g) for cannabis strain j, and PC is the plant 
count number for strain j in facility i.  
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Since state legalization only occurred in 2014, and given the current federal illicit status 
of Cannabis spp., there is a lack of available data for the three parameters used in Eq. 3.1. The 
following describes the assumptions made for a range of potential values of EC, DPW, and PC 
given the best information available. 
3.2.1.1 Emission Capacity (EC) 
The only data of EC from a leaf enclosure measurement are of three strains namely: 
Critical Mass, Lemon Wheel and Rockstar Kush, that were 45 days old (Wang et al., 2019b). 
This study found that at this growth stage the EC for total monoterpenes varied among strains: 10 
µg gdw-1 h-1 for Critical Mass, 7 µg gdw-1 h-1 for Lemon Wheel, and 6 µg gdw-1 h-1 for Rockstar 
Kush. The Department of Revenue (DOR) in Colorado has classified Cannabis spp. in a CCF 
into four different growth stages: immature ( 0-24 days old), vegetative (25-79 days old), 
flowering (80-132 days old), and at harvest (132-140 days old) (Hartman et al., 2018b). Wang et 
al. (2019) only sampled during the vegetative stage, and to our knowledge emission rates of 
monoterpenes from buds or flowers do not exist. It is not known how much EC will change 
during these different growth stages, but the grey literature does report that CCFs actively select 
cultivars to maximise the amount of monoterpenes found in the bud tissues.  
The Spokane Regional Clean Air Agency (SRCAA), in collaboration with Washington 
State University (Southwellb et al., 2017; Wen et al., 2017), measured monoterpenes in 
flowering rooms of CCFs in Washington state. They found concentrations of monoterpenes in 
grow room with 80 days old plants (1,660 ppb) to be >10 times higher than the 48 days old 
plants (150 ppb). CCFs in Colorado house a wide variety of strains at both vegetative and 
flowering stages of growth suggesting that the emission rate of monoterpenes from CCFs is 
higher than that measured from foliage by Wang et al. (2019). Currently, no database exists that 
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can provide the number of plants by strain and growth stage. For the base case, it was assumed 
that each CCF grew only one strain and that all plants were at the vegetative growth stage 
resulting in a single and constant EC for each CCF; taken to be 10 µg gdw-1 h-1 of total 
monoterpenes based on the reported EC from the Critical Mass cultivar (Wang et al., 2019b). 
Given the uncertainty in EC, the variety of possible plant stages and cultivars, the EC used in 
simulation 1_EC was multiplied by a factor of 5 and 10 in simulations 2_EC and 3_EC as a 
sensitivity analysis. 
3.2.1.2 Dry Plant Weight (DPW) 
No published studies report the DPW of a Cannabis spp. plant. Both the states of 
Colorado (METRC, 2018) and Washington (LCB, 2017; Topshelfdata, 2017) track the mass of 
the commercially sold portion of the plant, the “dry bud.” The Colorado database, however, is 
not publicly accessible and was not available for this study. In Washington, using data from all 
type of facilities (outdoor and indoor) from August–October 2017, it was found that the average 
dry bud mass per plant was 210 g (0-586 g) shown in Figure 3.2(A). The Washington database 
also includes the “wet bud” weight defined as the mass of the bud after it was just harvested 
(Figure 3.2), but prior to the 7-10 day drying process. The total waste weight, or the remaining 
mass of the plant after the buds have been harvested, is also recorded. As shown in Eq. (3.2), the 
sum of these two masses should equal the total mass of the wet plant.  
Mwet plant = Mwet buds + Mwaste     (3.2) 
Where, Mwet plant is the mass of the entire wet plant (g), and Mwet bud is the mass of the wet 
bud (g), and Mwet waste is the mass of the waste (g).  
Data from August-October of 2017 were used with Eq. 3.2, to estimate the wet plant 
weight resulting in an average of 3,770 g (6-13,405 g) shown in Figure 3.2(C). The large range 
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in mass is due to the different growing conditions found in CCFs, and the type of strain being 
grown. The ratio of the wet and dry bud mass data from Washington was used as a surrogate to 
determine the percentage of water found in the total plant material as shown in Eq. 3.3.  
RD/W = Mdry bud / Mwet bud     (3.3) 
Where, RD/W is the ratio of the masses of the dry to wet bud, and Mdry bud (g) is the mass 
of the harvested buds after 7-10 days of drying (Figure 3.2D). It was assumed that the same 
factor could be applied to the total wet plant weight to estimate the DPW as shown in Eq. 3.4.  
DPW = Mwet plant ´ RD/W     (3.4) 
The average of DPW was 754 g (1-2,260 g). For the development of these emission 
inventories, a base value of 750 g was assumed for DPW based on the average calculated from 
the Washington database. As a sensitivity test, a DPW of 1,500 g representing the mean plus one 
standard deviation range was chosen. Finally, a DPW of 2,500 g, the maximum yield recorded 
by Washington State Liquor and Cannabis Board, was taken as the upper statistical boundary as 
shown in Figure 3.2(E). As the total plant count and reported yields are 3 and 4 factor higher 
respectively in Colorado than Washington state (LCB, 2017; Topshelfdata, 2017; Hartman et al., 
2018b), we took this maximum on the assumption that Cannabis spp. cultivated in CCFs in 
Colorado in summer season is grown under more optimal conditions than those grown in 
Washington State resulting in considerably higher yields. 
3.2.1.3 Plant Count (PC) 
Counts of all plants larger than 8 inches have been recorded by the Colorado DOR on a 
monthly basis since 2014. As of June 2018, there are a total of 1.06 million plants (Hartman et 
al., 2018a, b). We therefore used 1 million as the base number for the emission inventory. The 
DOR data only provides county-level information rather than actual number of plants per CCF. 
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The plants were then distributed equally among the CCFs to calculate an average of 905 plants 
per facility in Denver County and 521 outside of the county.  
Two sensitivity simulations were conducted based on the assumption that the cannabis 
industry in Colorado will continue to expand at similar rates in the future. From June 2016 to 
June 2018 the total number of plants recorded by DOR grew from 826,963 to 1,062,765, an 
annual average increase of 118,000. Assuming this rate of expansion remains constant, there 
would be 2 million plants in the state of Colorado by 2025 and this value was used in simulation 
6_PC. It was assumed in simulation 7_PC that growth would accelerate in the future to the point 
at which each recreational and medical CCF would contain the maximum number of plants 
permitted under a Tier 1 license leading to a state-wide total of nearly 4 million plants. The 
maximum number of plants that can be grown under each licensing tier is shown in supplemental 
Table 3.1 (CDOR, 2019). The average plant count per CCF for each PC sensitivity simulation 
are shown in Table 3.2. 
3.2.1.4 Emission Inventories for Cannabis Cultivation Facilities (CCF) 
Given the large gaps in knowledge, this study will focus only on variabilities in EC, 
DPW, and PC and will hold other parameters constant. For example, to maximize growing 
conditions relative humidity, temperatures, CO2 concentrations, and fertilizer usage are all 
optimized and vary widely by CCF. Further, this study did not consider other processes such as 
trimming, harvesting and drying buds which may also release BVOCs. 
For this study, it was assumed that all CCFs operated in the same way at a temperature of 
30ºC and 1000 µmol m-2 s-1 of photosynthetically active radiation (PAR). In addition, it was 
assumed that all emissions from the plants inside a CCF enter the atmosphere. Ventilation to the 
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atmosphere varies widely by the operation, and there are no current regulations or industry-wide 
practices that are being used to mitigate emissions.  
In total, seven scenarios of emission inventories were created to explore sensitivities in 
EC, DPW, and PC as shown in Table 3.3. In scenarios 1-3, the PC was held to a total of 1 
million and a 750 g DPW was assumed. The EC of 10 µg gdw-1 h-1 as reported by Wang et al. 
(2019) was used in 1_EC, with a sensitivity that multiplied that rate by a factor of 5 (scenario 
2_EC), and 10 (scenario 3_EC). The remaining scenarios in Table 3.3 kept the EC constant at 10 
µg gdw-1 h-1. Scenarios 4_DPW and 5_DPW explored the sensitivity of increasing DPW, and 
scenarios 6_PC and 7_PC increased the total plant count.  
3.2.2 Model description and analysis tools 
3.2.2.1 Model protocols and evaluation 
The Comprehensive Air Quality Model with Extensions, CAMx6.10 (ENVIRON, 2013; 
ENVIRON and AlpineGeophysics, 2017b), was used to predict ground-level ozone 
concentrations. The model and protocols used in this study are based on the Western Air Quality 
Modeling Study (WAQS) for 2011 (ENVIRON and AlpineGeophysics, 2017b; Adelman et al., 
2016). The WAQS 2011b baseline model simulation period runs from June 15th to September 
15th, 2011, and is driven with meteorological data from WRF version 3.3 for the same time 
period and domain. The model was initialized using Three-State Air Quality Modeling Study 
standard boundary and initial conditions (ENVIRON and AlpineGeophysics, 2017b). The model 
domain is a 2-way nested grid at 12 and 4 km grid cell resolutions (Figure 3.1B). Anthropogenic 
emissions were derived from EPA National Emission Inventory (NEI) version 2011 NEIv2 with 
updates for point and area sources of oil and gas emissions in the western US. The biogenic 
emissions inventory was based on the Model of Emissions of Gases and Aerosols from Nature 
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version 2.1 (MEGANv2.1) (Guenther et al., 2012). All data and supporting documentation are 
publicly available via the Intermountain West Data Warehouse (IWDW) website (WAQS, 2017).  
The revision 2 of Carbon Bond 6 (CB6r2) (Ruiz and Yarwood, 2013) chemistry 
mechanism was used in all model runs. This groups all monoterpenes as a single compound 
species, TERP.  Thus, the total monoterpenes EC reported in Wang et al. (2019) was converted 
into the TERP species. TERP undergoes oxidation reactions with the nitrate radical (NO3), the 
hydroxyl radical (OH), ozone (O3), and singlet oxygen. It should be noted that the TERP 
category includes a wide variety of monoterpenes whose reaction rate constants may differ from 
TERP (k298 = 6.77 ´ 10-11 molecules cm-3 s-1). For example, the rate constant of β-myrcene with 
OH radical (Hites and Turner, 2009) is 3.35 ´ 10-10 molecules cm-3 s-1 (k298), which is 4 time 
higher than TERP and 5.6 times faster than α-pinene (Carter, 2010).  
The details of the WAQS model setup protocol (ENVIRON and AlpineGeophysics, 
2017b) and model performance (Adelman et al., 2016) can be found in IWDW website. In 
summary, the model performance evaluation concluded that this simulation had met all 
performance goals for both maximum daily 1-hour (MDA1) and maximum daily 8-hour average 
(MDA8) ozone. In the performance review report, it was found that the WAQS model had a 
positive bias for ozone simulated in a 4 km ´ 4 km resolution domain, when compared with EPA 
Air Quality System (AQS) surface monitors (MDA1: 0.8%, MDA8: 0.9%). On days when ozone 
concentrations higher than 60 ppb were measured, the model had a negative bias of -6.2% for 
MDA1 and -6.3% for MDA8. The model evaluation result also noted that the model 
performance was best during the spring and summer months.  
3.2.2.2 Process Analysis 
CAMx runs used in this analysis had the process analysis (PA) option enabled 
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(ENVIRON, 2013). The CAMx configuration used here produces two additional files needed for 
PA: the integrated reaction rate (IRR) and integrated process rate (IPR). These files include the 
rates of change in concentration of every species due to chemistry and transport for every grid 
cell and timestep. Python-based Process Analysis (pyPA) and the Python Environment for 
Reaction Mechanisms/Mathematics (PERMM) (Henderson et al., 2010; Henderson et al., 2011) 
were then applied to post-processing the CAMx PA output. PERMM was used to aggregate the 
chemical and physical process rates for selected model grid cells and layers allowing for tracking 
of plumes within the planetary boundary layer (PBL).  
3.3 Results 
3.3.1 Emissions Inventory 
The seven scenarios were used to estimate a range of emissions of BVOCs from CCFs 
for the entire state of Colorado. As shown in Table 3.4, the base case (BC) scenario estimates 
731,442 ton/year of all VOCs being emitted in Colorado, of which 47% are BVOCs. The BC 
scenario does not include any emissions from the cannabis industry. Table 3.4 also shows the 
seven scenarios that did include CCF emissions ranked in order of their increases in state-wide 
BVOC emissions. As expected the CCF BVOC emissions scaled linearly with each factor that 
was changed in Eq. (1). In scenario 3_EC, a 10-fold increase in the emission rate (100 µg gdw-1 
h-1) resulted in a 657 metric tons/year increase. Similarly, scenario 2_EC assumes 50 µg gdw-1 h-
1 and produces 329 metric tons/year. Scenarios 4 and 5 showed the sensitivity of terpene 
emissions from CCFs to variation in DPW while holding PC constant and an EC of 10 µg gdw-1 
h-1. It was estimated that an additional 66 ton/year of emissions were produced when a 750 g 
DPW is assumed. This doubles to 131 metric tons/year with a DPW of 1500 g and reaches 219 
metric tons/year with a DPW of 2500 g. Comparing scenario 1_EC with scenario 6 and 7 shows 
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how the growth in PC will impact emissions of BVOCs. In Colorado, a doubling of the PC 
increases BVOC emissions by 131 metric tons/year in scenario 6_PC and 261 metric tons/year 
for the 4 million plants in scenario 7_PC. The largest increases in BVOC emissions were 
predicted in scenarios 3_EC and 2_EC showing that the total emission rate of BVOCs from 
CCFs were most sensitive to EC. 
In March 2018, Denver County housed 41% of CCFs and 55% of all cannabis plants in 
Colorado (Hartman et al., 2018a). As a result, about 43% of state-wide CCF BVOC emissions 
occur there (Table 3.4). Current emission inventories of Denver County show negligible amounts 
of biogenic emissions accounting for only 0.1% of the total state-wide BVOC emissions. CCF 
emissions increased BVOC emission rates in Denver Country up to 136% in scenario 3_EC. This 
changes the total VOC emission rate in Denver County by up to 3.5%. Other cities in Colorado 
do not have as high a concentration of CCFs, and thus the relative increases were smaller as 
shown in Table 3.4. 
The introduction of additional cannabis BVOC emissions into model simulations 
increased the predicted TERP concentrations. Figure 3.3 shows the maximum increase in TERP 
concentrations for three scenarios for Denver County over the entire 90-day simulation period. 
Regardless of the scenario, the largest increases in TERP occurred near the largest concentrations 
of CCFs. The absolute maximum changes ranged from 0.5-5.0 ppb located at the Elyria Swansea 
and Globeville neighborhoods in north-central Denver. Increases in TERP were also predicted to 
the north due to the dominant wind flows in that direction throughout the simulation period. 
Figure 3.4 shows the maximum increase in TERP concentrations for the 1_EC, 5_DPW, and 
3_EC scenarios in the 4 km ´ 4 km domain for the entire 90-day simulation period. As expected 
substantially lower increases in TERP concentrations were predicted for other cities in Colorado: 
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0.26 ppb in Colorado Springs and 0.24 ppb in Pueblo. Figure 3.5 shows the hourly changes in 
TERP concentrations across the entire 4 km ´ 4 km domain. The largest increases for all 
scenarios occurred at night with a peak of 5 ppb at 4:00 AM local time (LT). Given that the 
hourly emissions of terpenes from CCFs were assumed constant for 24 hours, these larger 
nighttime changes can be primarily ascribed to the lack of photochemistry and a shallow 
nocturnal PBL. These results suggest that the increases of TERP are highly correlated with 
locations of CCFs, accumulate at night, and have significant losses during the day.  
3.3.2 Regional Ozone impacts  
Predicted increases in hourly ozone concentrations in excess of 0.1 ppb only occurred 
when terpene emissions were in excess of 219 metric tons per year, with scenarios 4_DPW, 
6_PC, and 1_EC having little impact on predicted ozone. Thus, this analysis will focus on two 
scenarios, 5_DPW, and 3_EC to explore potential regional ozone impacts in the present and 
future. Figure 3.6 shows the hourly changes in ozone concentrations across the entire 4 km ´ 4 
km domain for these two scenarios. During the daytime, the increase in TERP emissions results 
in a peak ozone increase of 0.34 ppb at 9:00 AM LT for 3_EC with only minimal changes in 
5_DPW. Figure 3.7 shows, for Denver County and the Front Range Metropolitan Area, the 
locations of the daytime (6:00 AM – 6:00 PM LT) maximum increases in hourly ozone 
concentrations for all 90 days when emissions were added for scenarios 5_DPW and 3_EC. 
Ozone increases for the entire 4 km ´ 4 km domain can be found in Figure 3.8. The largest 
predicted ozone concentrations occurred in Denver County with impacts of 0.11 ppb in 5_DPW, 
and 0.34 ppb in 3_EC as shown in Figure 3.8(B). Both scenarios show that daytime increases in 
ozone were limited to Denver County and just to the northwest, west, and southwest of Denver 
County.  
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There were also night time variations in ozone observed for the modeling domain. In 
scenario 5_DPW and 3_EC, nighttime increases were more than double the increases predicted 
during the day. The largest changes in hourly ozone concentrations of 0.67 ppb occurred at 0:00 
AM LT (i.e. midnight) for 3_EC. Figure 3.9 shows the location and magnitude of the maximum 
changes in hourly ozone concentrations during the night (6:00 PM – 6:00 AM LT) in 5_DPW 
and 3_EC. The extent of ozone increases at night are primarily to the north of Denver indicating 
a northern outflow. The maximum increase in hourly ozone for the whole of Colorado is shown 
in Figure 3.8, with visibly little changes at night in other cities. These model results suggest that 
the additional emissions of TERP have immediate impacts on local ozone production chemistry 
during both the day and night, but little wider impact.  
A critical metric for the attainment of the NAAQS ozone standard in Denver County is 
the maximum daily average 8-hour ozone concentration (MDA8). Figure 3.10 shows the 
maximum difference in MDA8 for each grid cell centered on Denver County, across the entire 
90-day simulation period for the 5_DPW, and 3_EC scenarios. Maximum increases in MDA8 
are 0.14 ppb for 3_EC (Figure 3.10B) co-located with the maximum increases in TERP 
concentrations.  
3.3.2.1 Ozone impact at night 
The maximum hourly ozone increase of 0.67 ppb for the 3_EC scenario occurred on 
Thursday, July 28th, 2011, at 0:00 AM LT (i.e. midnight) near the largest concentration of CCFs 
(see Figure 3.11). In subsequent hours the plume of ozone moved slowly to the east before being 
dispersed by the rise of the morning PBL at 6:00 AM LT. 
To better understand why ozone increased at night, the PA model output was analyzed to 
quantify the chemical and physical processes producing ozone. Plume tracking was used so that 
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only grid cells where the increase in ozone (i.e. the plume) occurred were included in our 
analysis, which ran from July 27th, 9:00 PM to July 28th, 6:00 AM LT. The number of vertical 
model layers included in the analysis also varied to incorporate the hourly evolution of the PBL. 
Figure 3.12 provides snapshots of the horizontal grid cells used and the vertical layers that were 
aggregated throughout the simulation time period. Figure 3.13 shows the changes in final ozone 
concentrations (compared to the base case) for the grid cells and vertical layers included in the 
analysis, as well as the physical and chemical process rates that account for these changes. 
Figure 3.13 shows that the process most responsible for increases in ozone concentrations was 
chemical production. 
For the chosen vertical layers and grid cells Table 3.5(A) shows the total rate of the 
oxidation reactions with TERP across the entire period. Throughout this time, the additional 
TERP emissions lead to an increase in the number of oxidation reactions thereby generating 
more secondary VOC products and radical species. The chemical losses of TERP increased due 
to reactions with: OH (from 0.01 ppb to 0.1 ppb; +900%), nitrate radical (NO3) (from 0.39 ppb to 
1.58 ppb; +305%), and O3 (from 0.04 ppb to 0.2 ppb; +400%). Further analysis confirms that 
night-time oxidation chemistry leading to changes in ozone concentration are driven by NO3. In 
the 3_EC scenario, TERP emissions only increased the annual VOC emission in Denver County 
by 3.5%, but this is sufficient to increase the VOC + NO3 reaction rates by 125%. These 
increases produce more peroxyl radicals (TRO2=HO2 + RO2) driving further oxidation and 
further radical production. Table 3.5(B) also shows that the generation of OH radicals from 
reactions of TERP with O3 increased by 267%. Ultimately, these increases in initial TERP 
reactions with NO3 and O3 increase the NO to NO2 conversions via the TRO2 pathway by 44%, 
reducing the availability of NO to react with O3. Thus, the increased ozone concentration 
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predicted at night is actually due to the 1 ppb (0.8%) reduction in the loss of ozone to reactions 
with NO rather than an increase in actual production of ozone (Table 3.5(C)). The increased 
TERP emissions also increase production of NOx termination products (NOz) by 27% with 
organic nitrate (NTR; representing ~71% of this NOz product) increasing from 0.66 ppb to 1.6 
ppb (+142%). This increase in NOz production at night also results in lower NO concentrations 
and thus lower ozone titration. 
3.3.2.2 Ozone impact during the day 
The maximum daytime hourly ozone increase of 0.34 ppb occurred at 9:00 AM on 
Monday, July 18th, 2011, as shown in Figure 3.14. On this day, the meteorological conditions 
favoured the maximum possible production of ozone. This day featured “upslope flows” that are 
a common meteorological condition linked to ozone exceedances periods (Pfister et al., 2017). 
We thus chose to focus on July 18th to understand the daytime changes in chemistry that occur 
from increased BVOC emissions. As expected, the location of predicted ozone increases 
coincides with the location of the strongest terpene emissions in the domain as shown in Figure 
3.14 (A). For the daytime hours of 6:00 AM – 2:00 PM LT, the PA option was used to quantify 
changes in chemical processes for the grid cells and model layers shown in Figure 3.15. For 
these grid cells and layers, Figure 3.16 shows the changes in final ozone concentrations 
compared to the base case and the physical and chemical process rates that impact those 
concentrations. Table 3.6 sums the key chemical processes for these hours. The increases in CCF 
emissions resulted in a 100% increase in OH reactions with TERP producing intermediate 
oxidation products and ultimately increasing OH production by 0.6%. As a result of this 
oxidation chemistry, there was an increase of 0.9% in NO to NO2 conversion by TRO2 pathway, 
ultimately leading to a 0.1% increase in ozone production.  
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3.3.2.3 Ozone impact sensitivity  
The maximum modelled daytime hourly ozone increase due to additional CCF emissions 
occurred on July 18th. Using this day multiple sensitivity simulations were performed, where 
CCF emissions from Denver County were incrementally increased up to 3,800 ton/year. Figure 
3.17 shows the increase in terpene emissions from Denver County versus the largest daily 
increase in hourly ozone concentrations. Figure 3.17(A) shows a linear relationship, indicative of 
a VOC limited environment, where hourly ozone concentrations are predicted to increase by 1 
ppb for every 1,000 ton/year increase in TERP emissions during the day, and 0.85 ppb at night. 
Also shown is the sensitivity to the MDA8 ozone where there is a 0.30 ppb increase for every 
1,000 ton/year of TERP emissions. According to projected emission inventories provided by the 
state of Colorado, the ozone non-attainment area was expected to see reductions of 26.4% of 
NOx and 24.6% of VOC emissions by the year 2017 (ENVIRON and AlpineGeophysics, 2017a). 
Under these reduced anthropogenic emission scenarios, Figure 3.17(B) shows how ozone would 
then respond to additional CCF TERP emissions. Figure 3.17(B) continues to show a linear 
relationship, where hourly ozone concentrations are predicted to increase by 1.5 ppb for every 
1,000 ton/year increase in TERP emissions during the day, and 1.8 ppb at night. In the future 
case, the MDA8 ozone increases by 0.38 ppb increase for every 1,000 ton/year of TERP 
emissions. Therefore, Denver will still be VOC-limited and ozone is predicted to more sensitive 
to CCF emissions of terpenes. 
3.4. Conclusion 
This study provides the first VOC emission inventory to be compiled for the cannabis 
industry in Colorado, the first time such analysis has been conducted anywhere in the USA. 
Given the current state of knowledge of emission rates and growing practices, there are 
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considerable uncertainties in the basic parameters required to build such an inventory. Using 
realistic bounds on each parameter, we developed seven scenarios, which resulted in estimated 
emission rates that ranged over an order of magnitude. The highest emissions occur in Denver 
County, with rates ranging between 36-362 metric tons/year for the different scenarios, from a 
total of 66-652 metric tons/year across Colorado as a whole.  
We included these additional terpene emissions in the Comprehensive Air Quality Model 
with Extensions (CAMx), the model used by the state of Colorado for regulatory monitoring and 
projections. Taking the worst case (3_EC) and median scenario (5_DPW) we consider 
representative of current uncertainty upper boundary and future industry expansion; we find that 
these projected increases in emissions lead to maximum increases in terpene concentrations of up 
to 5.0 ppb. The largest impacts were seen in locations with the highest terpene emissions coming 
from CCFs, i.e. in Denver County. We further found that these increases in terpene 
concentrations affected the local atmospheric chemistry and air quality with ground-level ozone 
concentrations increasing by as much as 0.34 ppb during the day and 0.67 ppb at night. In 
general, simulated nighttime increases were higher than those during the daytime were, and we 
take the nighttime of July 27th – 28th as a case study to further investigate. By applying process 
analysis (PA), following the evolving plume of VOCs and ozone, we find that the initial 
reactions of the additional terpenes with OH, NO3 and ozone result in increased formation of 
peroxyl radicals which increases the NO to NO2 conversion rate; also removes the NOx to 
generate more NOz product. This effectively reduces the loss of ozone by reaction with NO, 
increasing the total ozone concentration. 
We acknowledge, however, the considerable uncertainties that surround our projections 
and call for the need for continued efforts to reduce these such that a more accurate assessment 
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of the regional air quality implications of this industry can be made. Future studies that include 
ambient BVOC measurements are critical for comparisons with model predictions. Additionally, 
in the model chemical mechanism more accurate and mechanistic representation of terpene 
species is needed that can reflect the current cannabis emission composition. Currently, the 
model surrogate “TERP”, which represents all monoterpene species in the mechanisms, may not 
represent the precise rate constant for BVOC emissions from cannabis. Further data are needed 
to reduce uncertainties in emission inventory estimates specifically those regarding CCF-specific 
information on plant counts, and weight by cultivar and growth stage, coupled with information 
about the agronomical practices of Cannabis cultivation in CCFs. Additional measurements of 
emission capacities of different cannabis strains at different growth stages are also needed. 
Further, the emission inventory version is for the year 2011; it may not be suitable to estimate the 
ozone impacts by the CCF industry. 
We chose to focus on ozone, since Denver is a moderate non-attainment area with an 
ozone State Implementation Plan (SIP) (ENVIRON and AlpineGeophysics, 2017b, a; Colorado, 
2018) in accordance with the EPA regulations. But assessments of the impact of these additional 
terpene emissions on particulate matter (PM2.5) is warranted given the high secondary organic 
aerosol (SOA) yields of terpenes from 0.3 to 0.8 (Iinuma et al., 2009; Lee et al., 2006; Fry et al., 
2014; Slade et al., 2017). It should also be borne in mind that investigations of indoor air quality 
are needed given the findings of Martyny et al. (2013) and Southwellb et al. (2017) that indoor 
terpene concentrations reached 50-100 ppb in growth rooms and 30-1,600 ppb in flowering 
room, likely initiating intense photochemistry under the powerful grow lamps in use in CCFs. 
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Table 3.1 License tiers issued by Colorado Department of Revenue (DOR) and the maximum 
allowed plant count (PC) for recreational and medical cannabis cultivation facility (CCF).  
Tier Recreational CCF Medical CCF 
1 1,800 3,600 
2 3,600 6,000 
3 6,000 10,200 
4 10,200   
5 13,800   
 
 
Table 3.2 The estimated plant count (PC) per cannabis cultivation facility (CCF) in Denver 
County and outside of Denver.  
 PC per CCF 
 Denver County outside Denver County 
Scenario name Recreational (233) Medical (375) 
Recreational 
(500) Medical (364) 
1_EC - 5_DPW 905 905 521 521 
6_PC 1,810 1,810 1,042 1,042 
7_PC 1,800 3,600 1,800 3,600 




Table 3.3 Simulation scenarios and assumed values for emission capacity (EC) rate, dry plant 
weight (DPW), and the plant count (PC) for Colorado and Denver County. The base case (BC) 
scenario has no cannabis emissions.  
Name 
EC DPW PC 
(ug gdw-1 hr-1) (gdw plant-1) Colorado Denver County 
BC 0 0 0 0 
1_EC 10 750 1.0 ´ 106 5.5´105 
2_EC 50 750 1.0 ´ 106 5.5´105 
3_EC 100 750 1.0 ´ 106 5.5´105 
4_DPW 10 1,500 1.0 ´ 106 5.5´105 
5_DPW 10 2,500 1.0 ´ 106 5.5´105 
6_PC 10 750 2.0 ´ 106 1.1´106 
7_PC 10 750 4.0 ´ 106 2.2´106 
 
 
Table 3.4 The estimated BVOC and total VOC emission rates (metric tons/year) for the base case 
(BC) scenario. Also shown are the increases in VOC emissions for all scenarios shown in Table 
3.1 for Colorado, Denver County, Colorado Springs, Pueblo, and Boulder. The numbers in 
parenthesis are the percentage increases compared with the BC scenario. 
Name 
Colorado Denver County Colorado Springs Pueblo Boulder 









BC 340,268 731,442 265 10,465 5,184 15,143 5,870 9,184 3,677 9,820 
3_EC 657 (+0.19%) +0.09% 362 (+136%) +3.5% 60 (+1.20%) +0.40% 53 (+0.90%) +0.58% 26 (+0.70%) +0.26% 
2_EC 329 (+0.10%) +0.04% 181 (+68%) +1.7% 30 (+0.58%) +0.20% 27 (+0.45%) +0.29% 13 (+0.35%) +0.13% 
7_PC 261 (+0.08%) +0.04% 116 (+44%) +1.1% 42 (+0.80%) +0.27% 22 (+0.38%) +0.24% 12 (+0.33%) +0.12% 
5_DPW 219 (+0.06%) +0.03% 121 (+45%) +1.2% 20 (+0.39%) +0.13% 18 (+0.30%) +0.19% 9 (+0.23%) +0.09% 
4_DPW 131 (+0.04%) +0.02% 72 (+27%) +0.69% 12 (+0.23%) +0.08% 11 (+0.18%) +0.12% 5 (+0.14%) +0.05% 
6_PC 131 (+0.04%) +0.02% 72 (+27%) +0.69% 12 (+0.23%) +0.08% 11 (+0.18%) +0.12% 5 (+0.14%) +0.05% 
1_EC 66 (+0.02%) +0.01% 36 (+14%) +0.35% 6 (+0.12%) +0.04% 5 (+0.09%) +0.06% 3 (+0.07%) +0.03% 
  
 60 
Table 3.5 All data summed from July 27th, 9:00 PM LT to July 28th, 5:00 AM LT for grid cells 
and layers shown in Figure 3.12. The base case (BC) scenario column shows the absolute 
predicted values and, the subsequent columns show the predicted changes due to emissions from 
the 3_EC scenario. Percentages in parenthesis are the changes in 3_EC relative to BC. Shown are 
the (A) total amount of VOC and TERP consumed due to oxidation (ppb), the (B) total amount 
of hydroxyl radical (OH) and total peroxyl radicals (TRO2) that were generated and their sources 
(ppb), and the (C) total amount of Nitrogen Dioxide (NO2) and NOx termination products (NOz) 
produced and their sources (ppb).  
(A) 
  BC 3_EC 
VOC + OH 1.36 1.68 (+23.5%) 
    TERP + OH 0.01 0.10 (+900%) 
VOC + NO3 0.91 2.05 (+125%) 
    TERP + NO3 0.39 1.58 (+305%) 
VOC + O3 1.80 1.97 (+9.40%) 
    TERP + O3 0.04 0.20 (+400%) 
(B) 
  BC 3_EC 
OH generation (from VOC + O3) 1.00 1.10 (+10.0%) 
    from TERP + O3 0.03 0.11 (+267%) 
TRO2 generation 34.2 42.8 (+25.1%) 
    from VOC initial reactions 3.25 5.03 (+54.8％) 
    from TERP initial reactions 0.47 1.98 (+321%) 
(C) 
  BC 3_EC 
NO to NO2 198 197 (-0.70%) 
    NO + O3 158 157 (-0.80%) 
    NO + TRO2 3.50 5.04 (+44.0%) 
NOz generation 4.91 6.24 (+27.1%) 
    NTR generation 0.66 1.60 (+142%) 
    PAN generation 1.54 1.56 (+1.30%) 
    PANX generation 0.54 0.66 (+22.2%) 
    HNO3 generation 2.17 2.42 (+11.5%) 
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Table 3.6 All data summed from July 18th, 6 AM LT to, 2 PM LT for grid cells and layers shown 
in Figure 3.15. The base case (BC) scenario column shows the absolute predicted values and the 
subsequent columns the predicted changes due to emissions from the 3_EC scenario. Percentages 
in parenthesis are the changes in 3_EC relative to BC. Shown are the (A) total amount of VOC 
and TERP consumed due to oxidation (ppb), the (B) total amount of hydroxyl radical (OH) and 
total peroxyl radicals (TRO2) that were generated and their sources (ppb), and the (C) total 
amount of Nitrogen Dioxide (NO2) and NOx termination products (NOz) produced and their 
sources (ppb). 
(A) 
  BC 3_EC 
VOC + OH 22.3 22.6 (+1.26%) 
    TERP + OH 0.12 0.24 (+100%) 
VOC + NO3 0.03 0.04 (+33.3%) 
    TERP + NO3 0.01 0.03 (+200%) 
VOC + O3 0.95 1.01 (+6.32%) 
    TERP + O3 0.05 0.12 (+140%) 
 
(B) 
  BC 3_EC 
OH generation 18.2 18.3 (+0.60%) 
    from O1D + H2O 7.68 7.69 (+0.13%) 
    from ALD photolysis 10.5 10.6 (+0.95%) 
Peroxyl radical (TRO2) generation 105 107 (+2%) 
    from VOC initial reactions 31.0 31.4 (+1.29％) 
    from TERP initial reactions 0.22 0.47 (+114%) 
 
(C) 
  BC 3_EC 
NO to NO2 3,121 3,118 (-0.10%) 
    NO + O3 3,020 3,016 (-0.13%) 
    NO + TRO2 63.4 64.0 (+0.93%) 
NOz generation 22.0 22.2 (+1.00%) 
    NTR generation 1.33 1.40 (+5.26%) 
    PAN generation 5.21 5.25 (+0.77%) 
    PANX generation 1.74 1.79 (+2.87%) 







Figure 3.1 (A) The locations of medical (red) and retail (green) Cannabis cultivation facilities 
(CCFs) in Colorado as of March 1, 2018. The corresponding values are the number of CCFs 
found within each city. The base map layer of this figure was made by Esri (Esri, 2013). (B) The 
36km ´ 36km resolution of Western Air Quality Model Study (WAQS) and nested inner 12km ´ 
12km resolution domains and 4km ´ 4km resolution domain used by the Comprehensive Air 
Quality Model with Extensions (CAMx). This map was made by ENVIRON and Alpine 






Figure 3.2 From cannabis cultivation facilities a box and whisker plot of the reported (N = 
18,257) (A) dry bud weight, (B) wet bud weight, and (C) wet plant weight from the Liquor and 
Cannabis Board (LCB) database maintained by the state of Washington for August-October 
2017. Also shown is the (D) estimated ratio of dry bud to wet bud weight (D/W) per plant and 
the (E) dry plant weight calculated by multiplying D/W ratio and the wet plant weight. The black 
cross in each box indicates the average. 
  




Figure 3.3 The maximum increase in TERP concentrations (ppb) for Denver County and Front 
Range over the entire 90-day simulation for the (A) 1_EC, (B) 5_DPW, and (C) 3_EC scenarios. 







Figure 3.4 The maximum hourly change in predicted TERP concentrations (ppbv) across the 4 









Figure 3.5 The hourly changes in TERP concentrations across the entire 4 km ´ 4 km domain, 






Figure 3.6 The predicted differences in hourly ozone concentrations (ppb) across the entire 




Figure 3.7 The predicted changes in hourly ozone concentrations for the Denver region from 6 
AM – 6 PM LT for all 90 days of the simulation for the (A) 5_DPW and (B) 3_EC scenarios. 






Figure 3.8 The predicted changes in hourly ozone concentrations for the 4 km ´ 4 km domain 
during the daytime (6 AM – 6 PM LT) for all 90 days of the simulation for the (A) 5_DPW, (B) 
3_EC scenarios. The nighttime (6 PM – 6 AM LT) results are for the (C) 5_DPW, (D) 3_EC 
scenarios. Black regions within each map indicate changes in ozone concentration greater than 







Figure 3.9 The predicted changes in hourly ozone concentrations for the Denver region from 6 
PM – 6 AM LT for all 90 days of the simulation for the (A) 5_DPW and (B) 3_EC scenarios. 
Black regions within the map indicate ozone increase values greater than 0.5 ppb. The grey lines 




Figure 3.10 The predicted maximum increases in the maximum daily average 8-hour (MDA8) 
ozone concentration (ppb) for the (A) 5_DPW and (B) 3_EC scenarios for the Denver region 








Figure 3.11 For the 3_EC scenario on July 28th, 2011, the largest hourly predicted ground level 
ozone increases at (A) July 27th, 9 PM LT, and for July 28th, at (B) 0 AM LT (i.e. midnight), (C) 






Figure 3.12 Horizontal grid cells used for process analysis at (A) July 27th, 9 PM LT, and July 
28th at (B) 0 AM LT (i.e. midnight), (C) 3 AM LT. Also shown are the (D) range 
of vertical layers used for process analysis for July 27th, 9:00 PM to July 28th, 6:00 AM LT 








Figure 3.13 The changes using scenario 3_EC minus BC in chemical and physical processes that 
impact ozone. The hourly changes in ozone concentrations (ppb) are shown in black diamonds 
with changes in rates (ppb/hr) due to chemistry (red), horizontal transport (blue), vertical 






Figure 3.14 For the 3_EC scenario on July 18th, 2011 the largest hourly predicted ground level 
ozone increases at (A) 9 AM LT, (B) 12 PM LT (i.e. noon), (C) 2 PM LT, and (D) 5 PM LT. The 






Figure 3.15 Horizontal grid cells used for process analysis on July 18th at (A) 9 AM LT, (B) 12 
PM LT (i.e. noon), and (C) 2 PM LT. Also shown are the (D) range of vertical layers used for 







Figure 3.16 The changes using scenario 3_EC minus BC in chemical and physical processes that 
impact ozone. The hourly changes in ozone concentrations (ppb) are shown in black diamonds 
with changes in rates (ppb/hr) due to chemistry (red), horizontal transport (blue), vertical 





Figure 3.17 For July 18th during (A) 2011 and (B) 2017 the predicted maximum increase in 
hourly ozone concentrations during daytime hours (6 AM – 6 PM LT) in blue, and nighttime 
hours (6 PM– 6 AM LT) in black versus additional terpene emissions in Denver County. Also 






Adelman, Z., Shankar, U., Yang, D., and Morris, R.: Western Air Quality Modeling Study 
Photochemical Grid Model Final Model Performance Evaluation, 2016. 
Andreae, M. H., Rhodes, E., Bourgoise, T., Carter, G. M., White, R. S., Indyk, D., Sacks, H., and 
Rhodes, R.: An Ethical Exploration of Barriers to Research on Controlled Drugs, Am. J. 
Bioeth., 16, 36-47, 10.1080/15265161.2016.1145282, 2016. 
Ashton, C. H.: Pharmacology and effects of cannabis: a brief review, Br. J. Psychiatry, 178, 101-
106, 10.1192/bjp.178.2.101, 2001. 
Bauer, S., Olson, J., Cockrill, A., van Hattem, M., Miller, L., Tauzer, M., and Leppig, G.: 
Impacts of Surface Water Diversions for Marijuana Cultivation on Aquatic Habitat in 
Four Northwestern California Watersheds, Plos One, 10, 25, 
10.1371/journal.pone.0120016, 2015. 
Borchardt, D., Forbes-Marijuana Sales Totaled $6.7 Billion In 2016:  
https://www.forbes.com/sites/debraborchardt/2017/01/03/marijuana-sales-totaled-6-7-
billion-in-2016/#2040f22175e3, last access: 2 May, 2019, 2017. 
Borgelt, L. M., Franson, K. L., Nussbaum, A. M., and Wang, G. S.: The Pharmacologic and 
Clinical Effects of Medical Cannabis, Pharmacotherapy, 33, 195-209, 10.1002/phar.1187, 
2013. 
Butsic, V., and Brenner, J. C.: Cannabis (Cannabis sativa or C. indica) agriculture and the 
environment: a systematic, spatially-explicit survey and potential impacts, Environ. Res. 
Lett., 11, 10, 10.1088/1748-9326/11/4/044023, 2016. 
Carah, J. K., Howard, J. K., Thompson, S. E., Gianotti, A. G. S., Bauer, S. D., Carlson, S. M., 
Dralle, D. N., Gabriel, M. W., Hulette, L. L., Johnson, B. J., Knight, C. A., Kupferberg, 
S. J., Martin, S. L., Naylor, R. L., and Power, M. E.: High Time for Conservation: 
Adding the Environment to the Debate on Marijuana Liberalization, Bioscience, 65, 822-
829, 10.1093/biosci/biv083, 2015. 
Carter, W. P. L.: Development of the SAPRC-07 chemical mechanism and updated ozone 
reactivity scales, available at: https://www.engr.ucr.edu/~carter/SAPRC/saprc07  2010.  
 78 
CDOR, Licensees - Marijuana Enforcement Division:  
https://www.colorado.gov/pacific/enforcement/med-licensed-facilities, last access: 2 
May, 2019, 2018a. 
CDOR, Colorado Department of Revenue, Marijuana Sales Reports:  
https://www.colorado.gov/pacific/revenue/colorado-marijuana-sales-reports, last access: 
2 May, 2019, 2018b. 
CDOR, Colorado Department of Revenue, MED Resources and Statistics:  
https://www.colorado.gov/pacific/enforcement/med-resources-and-statistics, last access: 
2, May, 2019, 2019. 
CDPHE, Colorado Department of Public Health and Environment, Denver Metro Area & North 
Front Range 8-Hour Ozone State Implementation Plan (SIP):  
http://www.colorado.gov/airquality/documents/deno308/, last access: 2 May, 2019, 2009. 
Colorado, R. A. Q. C.: The Colorado State Implementation Plan Planning Process: An Overview 
of Clean Air Act Requirements for SIP Development and Approval, Reginal Air Quality 
Council, available at: 
https://raqc.egnyte.com/dl/SMXBbYwYdO/StateImplementationPlanSummaries2018.pdf
_  2018.  
Crick, E., Haase, H. J., and Bewley-Taylor, D.: Legally regulated cannabis markets in the US: 
Implications and possibilities, Global Drug Policy Observatory, available at: 
https://www.swansea.ac.uk/media/Leg%20Reg%20Cannabis%20digital%20new-1.pdf  
2013.  
Eisenstein: Medical marijuana: Showdown at the cannabis corral, Nature, 525, S15–S17; 
doi:10.1038/525S15a, 2015. 
ENVIRON, CAMx User’s Guide Version 6.10:  
http://www.camx.com/files/camxusersguide_v6-10.pdf, last access: 2 May, 2019, 2013. 
ENVIRON, and AlpineGeophysics: Denver Metro/North Front Range 2017 8-Hour Ozone State 
Implementation Plan: 2017 Attainment Demonstration Modeling Final Report, Regional 
Air Quality Council, Regional Air Quality Council, available at: 
http://views.cira.colostate.edu/wiki/Attachments/Source%20Apportionment/Denver/Den
ver_2017SIP_2017AttainDemo_Finalv1.pdf  2017a.  
 79 
ENVIRON, and AlpineGeophysics: Attainment Demonstration Modeling for the Denver 
Metro/North Front Range 2017 8-Hour Ozone State Implementation Plan, Western Air 
Quality Study - Intermountain West Data Warehouse, available at: 
https://raqc.egnyte.com/dl/gFls58KHSM/Model_Protocol_Denver_RAQC_2017SIPv4.p
df_  2017b.  
Esri, D., HERE, TomTom, Intermap, increment P Corp., GEBCO, USGS, FAO, NPS, NRCAN, 
GeoBase, IGN, Kadaster NL, Ordnance Survey, Esri Japan, METI, Esri China (Hong 
Kong), Swisstopo, MapmyIndia, and the GIS User Community: World Topographic 
Map, 2013. 
Fischedick, J. T., Hazekamp, A., Erkelens, T., Choi, Y. H., and Verpoorte, R.: Metabolic 
fingerprinting of Cannabis sativa L, cannabinoids and terpenoids for chemotaxonomic 
and drug standardization purposes, Phytochemistry, 71, 2058-2073, 
10.1016/j.phytochem.2010.10.001, 2010. 
Fry, J. L., Draper, D. C., Barsanti, K. C., Smith, J. N., Ortega, J., Winkler, P. M., Lawler, M. J., 
Brown, S. S., Edwards, P. M., Cohen, R. C., and Lee, L.: Secondary organic aerosol 
formation and organic nitrate yield from NO3 oxidation of biogenic hydrocarbons, 
Environ Sci Technol, 48, 11944-11953, 10.1021/es502204x, 2014. 
Fuentes, J. D., Lerdau, M., Atkinson, R., Baldocchi, D., Bottenheim, J. W., Ciccioli, P., Lamb, 
B., Geron, C., Gu, L., Guenther, A., Sharkey, T. D., and Stockwell, W.: Biogenic 
hydrocarbons in the atmospheric boundary layer: A review, Bulletin of the American 
Meteorological Society, 81, 1537-1575, 10.1175/1520-
0477(2000)081<1537:bhitab>2.3.co;2, 2000. 
Guenther, A. B., Jiang, X., Heald, C. L., Sakulyanontvittaya, T., Duhl, T., Emmons, L. K., and 
Wang, X.: The Model of Emissions of Gases and Aerosols from Nature version 2.1 
(MEGAN2.1): an extended and updated framework for modeling biogenic emissions, 
Geosci. Model Dev., 5, 1471-1492, 10.5194/gmd-5-1471-2012, 2012. 
Hartman, M., Humphreys, H., Burack, J., Lambert, K., and Martin, P.: MED 2017 Annual 
Update, Colorado Department of Revenue, available at: 
https://www.colorado.gov/pacific/sites/default/files/MED2017AnnualUpdate.pdf  2018a.  
Hartman, M., Humphreys, H., Burack, J., Lambert, K., and Martin, P.: MED 2018 Mid-Year 
Update, Colorado Department of Revenue, available at: 
https://www.colorado.gov/pacific/sites/default/files/2018%20Mid%20Year%20Update.p
df  2018b.  
 80 
Henderson, B. H., Jeffries, H. E., Kim, B. U., and Vizuete, W.: The Influence of Model 
Resolution on Ozone in Industrial Volatile Organic Compound Plumes, Journal of the Air 
& Waste Management Association, 60, 1105-1117, 10.3155/1047-3289.60.9.1105, 2010. 
Henderson, B. H., Kimura, Y., McDonald-Buller, E., Allen, D. T., and Vizuete, W.: Comparison 
of Lagrangian Process Analysis tools for Eulerian air quality models, Atmospheric 
Environment, 45, 5200-5211, 10.1016/j.atmosenv.2011.06.005, 2011. 
Hillig, K. W.: A chemotaxonomic analysis of terpenoid variation in Cannabis, Biochem. Syst. 
Ecol., 32, 875-891, 10.1016/j.bse.2004.04.004, 2004. 
Hites, R. A., and Turner, A. M.: Rate Constants for the Gas-Phase beta-Myrcene plus OH and 
Isoprene plus OH Reactions as a Function of Temperature, International Journal of 
Chemical Kinetics, 41, 407-413, 10.1002/kin.20413, 2009. 
Hood, L. V. S., Dames, M. E., and Barry, G. T.: Headspace Volatiles of Marijuana, Nature, 
1973. 
IDCP, I. D. C. P.: The Social Impact Of Drug Abuse., United Nations International Drug Control 
Programme, available at: https://www.unodc.org/pdf/technical_series_1995-03-01_1.pdf  
1995.  
Iinuma, Y., Boge, O., Keywood, M., Gnauk, T., and Herrmann, H.: Diaterebic Acid Acetate and 
Diaterpenylic Acid Acetate: Atmospheric Tracers for Secondary Organic Aerosol 
Formation from 1,8-Cineole Oxidation, Environmental Science & Technology, 43, 280-
285, 10.1021/es802141v, 2009. 
Laothawornkitkul, J., Taylor, J. E., Paul, N. D., and Hewitt, C. N.: Biogenic volatile organic 
compounds in the Earth system, New Phytol., 183, 27-51, 10.1111/j.1469-
8137.2009.02859.x, 2009. 
LCB, L. a. C. B., Washington State Liquor and Cannabis Board:  https://lcb.wa.gov, last access: 
2 May, 2019, 2017. 
Lee, A., Goldstein, A. H., Keywood, M. D., Gao, S., Varutbangkul, V., Bahreini, R., Ng, N. L., 
Flagan, R. C., and Seinfeld, J. H.: Gas-phase products and secondary aerosol yields from 
the ozonolysis of ten different terpenes, Journal of Geophysical Research-Atmospheres, 
111, 18, 10.1029/2005jd006437, 2006. 
 81 
Marchini, M., Charvoz, C., Dujourdy, L., Baldovini, N., and Filippi, J. J.: Multidimensional 
analysis of cannabis volatile constituents: Identification of 5,5-dimethyl-1-vinylbicyclo 
2.1.1 hexane as a volatile marker of hashish, the resin of Cannabis sativa L, J. 
Chromatogr. A, 1370, 200-215, 10.1016/j.chroma.2014.10.045, 2014. 
Martyny, J. W., Serrano, K. A., Schaeffer, J. W., and Van Dyke, M. V.: Potential Exposures 
Associated with Indoor Marijuana Growing Operations, Journal of Occupational and 
Environmental Hygiene, 10, 622-639, 10.1080/15459624.2013.831986, 2013. 
METRC, METRC, Marijuana Enforcement Tracking Reporting Compliance:  
https://www.metrc.com, last access: 2 May, 2019, 2018. 
Mills, E.: The carbon footprint of indoor Cannabis production, Energy Policy, 46, 58-67, 
10.1016/j.enpol.2012.03.023, 2012. 
Ortega, J., Turnipseed, A., Guenther, A. B., Karl, T. G., Day, D. A., Gochis, D., Huffman, J. A., 
Prenni, A. J., Levin, E. J. T., Kreidenweis, S. M., DeMott, P. J., Tobo, Y., Patton, E. G., 
Hodzic, A., Cui, Y. Y., Harley, P. C., Hornbrook, R. S., Apel, E. C., Monson, R. K., 
Eller, A. S. D., Greenberg, J. P., Barth, M. C., Campuzano-Jost, P., Palm, B. B., Jimenez, 
J. L., Aiken, A. C., Dubey, M. K., Geron, C., Offenberg, J., Ryan, M. G., Fornwalt, P. J., 
Pryor, S. C., Keutsch, F. N., DiGangi, J. P., Chan, A. W. H., Goldstein, A. H., Wolfe, G. 
M., Kim, S., Kaser, L., Schnitzhofer, R., Hansel, A., Cantrell, C. A., Mauldin, R. L., and 
Smith, J. N.: Overview of the Manitou Experimental Forest Observatory: site description 
and selected science results from 2008 to 2013, Atmospheric Chemistry and Physics, 14, 
6345-6367, 10.5194/acp-14-6345-2014, 2014. 
Pfister, G. G., Reddy, P. J., Barth, M. C., Flocke, F. F., Fried, A., Herndon, S. C., Sive, B. C., 
Sullivan, J. T., Thompson, A. M., Yacovitch, T. I., Weinheimer, A. J., and Wisthaler, A.: 
Using Observations and Source-Specific Model Tracers to Characterize Pollutant 
Transport During FRAPPE and DISCOVER-AQ, Journal of Geophysical Research-
Atmospheres, 122, 10474-10502, 10.1002/2017jd027257, 2017. 
Rice, S., and Koziel, J. A.: Characterizing the Smell of Marijuana by Odor Impact of Volatile 
Compounds: An Application of Simultaneous Chemical and Sensory Analysis, Plos One, 
10, 17, 10.1371/journal.pone.0144160, 2015a. 
Rice, S., and Koziel, J. A.: The relationship between chemical concentration and odor activity 
value explains the inconsistency in making a comprehensive surrogate scent training tool 
representative of illicit drugs, Forensic Sci.Int., 257, 257-270, 
10.1016/j.forsciint.2015.08.027, 2015b. 
 82 
Ruiz, L. H., and Yarwood, G.: Interactions between organic aerosol and NOy: Influence on 
oxidant production., the University of Texas at Austin, and ENVIRON International 
Corporation, Novato, CA, available at: 
http://aqrp.ceer.utexas.edu/projectinfoFY12_13/12-012/12- 012%20Final%20Report.pdf  
2013.  
Seinfeld, J. H., and Pandis, S. N.: Atmospheric Chemistry and Physics: From Air Pollution to 
Climate Change, 2006. 
Slade, J. H., de Perre, C., Lee, L., and Shepson, P. B.: Nitrate radical oxidation of gamma-
terpinene: hydroxy nitrate, total organic nitrate, and secondary organic aerosol yields, 
Atmospheric Chemistry and Physics, 17, 8635-8650, 10.5194/acp-17-8635-2017, 2017. 
Southwellb, J., Wena, M., and Jobsona, B., Thomas Spokane Regional Clean Air Agent 
(SRCAA) Marijuana Air Emissions Sampling & Testing Project, Inland Northwest 
Chapter AWMA, Washington State, Oct, 2017, 2017. 
Stith, S. S., and Vigil, J. M.: Federal barriers to Cannabis research, Science, 352, 1182-1182, 
10.1126/science.aaf7450, 2016. 
Sznitman, S. R., and Zolotov, Y.: Cannabis for Therapeutic Purposes and public health and 
safety: A systematic and critical review, Int. J. Drug Policy, 26, 20-29, 
10.1016/j.drugpo.2014.09.005, 2015. 
Topshelfdata, Topshelfdata:  https://www.topshelfdata.com/listing/any_license/state/wa, last 
access: 2 May, 2019, 2017. 
Turner, C. E., Elsohly, M. A., and Boeren, E. G.: CONSTITUENTS OF CANNABIS-SATIVA 
L .17. A REVIEW OF THE NATURAL CONSTITUENTS, J. Nat. Prod., 43, 169-234, 
10.1021/np50008a001, 1980. 
UNC-IE, and ENVIRON: Three-State Air Quality Modeling Study (3SAQS) Final Modeling 
Protocol 2008 Emission & Air Quality Modeling Platform, available at: 
http://views.cira.colostate.edu/wiki/Attachments/Modeling/3SAQS_2008_Modeling_Prot
ocol_Final.pdf  2013.  
UNC-IE, and ENVIRON: Three-State Air Quality Modeling Study CAMx Photochemical Grid 
Model Final Model Performance Evalution, Western Air Quality Study - Intermountain 
West Data Warehouse, available at: 
 83 
http://views.cira.colostate.edu/wiki/Attachments/Modeling/3SAQS_Base08b_MPE_Final
_30Sep2014.pdf  2014.  
USEPA, Criteria Air Pollutants:  https://www.epa.gov/criteria-air-pollutants, last access: 2 May, 
2019, 2016. 
USEPA, 8-Hour Ozone (2008) Nonattainment Areas by State/County/Area:  
https://www3.epa.gov/airquality/greenbook/hncty.html, last access: 2 May, 2019, 2017. 
Wang, C.-T., Wiedinmyer, C., Ashworth, K., Harley, P. C., Ortega, J., and Vizuete, W.: Leaf 
enclosure measurements for determining volatile organic compound emission capacity 
from Cannabis spp., 10.1016/j.atmosenv.2018.10.049, 2019. 
WAQS, Western Air Quality Study, IWDW-WAQS Wiki:  
http://views.cira.colostate.edu/wiki/#WAQS, last access: 2 May, 2019, 2017. 
Wen, M., Southwell, J., and Jobson, B. T.: Identification of Compounds Responsible for 
Marijuana Growing Operation Odor Complaints in the Spokane Area, Pacific Northwest 
International Section 57th annual conference, Boise, Idaho, 2017. 
WHO: The health and social effects of nonmedical cannabis use, World Health 
OrganisationISBN 978 92 4 151024 0, available at: 




CHAPTER 4: AMBIENT MEASUREMENT OF MONOTERPENES NEAR CANNABIS 
CULTIVATION FACILITIES IN DENVER, COLORADO1 
4.1 Introduction 
On January 1st 2014, the cultivation, processing, and sale of Cannabis for recreational use 
became legal in the state of Colorado. There were 360 facilities growing Cannabis for medical 
purposes in Denver County at the end of 2013. The industry expanded to 608 medical and 
recreational Cannabis Cultivation Facilities (CCFs) in Denver County by 2018 (CDOR, 2018a). 
These CCFs are all registered and licensed via the Colorado Department of Revenue (DOR), 
with a recorded total of >500,000 mature (>8 inches) Cannabis plants under cultivation in 
Denver County at any given time (Hartman et al., 2018a). These new CCFs tend to be clustered 
around major highways, which offer ease of access for incoming raw materials and to the 
markets for end products. Where CCFs abut residential neighbourhoods, complaints to Colorado 
Department of Public Health and Environment (CDPHE) regarding odour nuisance have soared 
(Murray, 2016; Rusch, 2016) as the volatile compounds responsible for the characteristic smell 
of Cannabis are released and dispersed from CCF ventilation systems. 
There has historically been considerable interest in the volatile organic compounds 
(VOCs) found in Cannabis spp. and its products, and many previous studies have measured these 
compounds in dried plant material and essential oils (Hood et al., 1973; Turner et al., 1980; Ross 
and ElSohly, 1996; Rice and Koziel, 2015b). Over 100 different compounds have been identified
                                               
 
1 This chapter was previously submitted to Atmospheric Environment in January, 2020 and under peer review 
process when this dissertation was submitted to UNC graduate school.  
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in the headspace above these materials; the most common of which are: monoterpenes 
(C10H16) including a-pinene, b-pinene, b-myrcene, d-limonene, and cis-ocimene; sesquiterpenes 
(C15H24) including b-caryophyllene, a-farnesene, and b-humulene; and the terpene alcohols 
(C10H18O) such as linalool, borneol, and terpineol (Hood et al., 1973; Turner et al., 1980; Ross 
and ElSohly, 1996; McPartland and Russo, 2001; Rice and Koziel, 2015b). It has also been 
reported that the most odiferous (mainly sulphur- and nitrogen-based) compounds need only be 
present in minute quantities, often below the limit of detection for standard laboratory 
instruments, to be discernible to humans and animals (Rice and Koziel, 2015b). 
Only a handful of studies, however, have investigated emissions from growing Cannabis 
spp. plants. Three of these measured mixing ratios of volatiles inside growing and processing 
rooms in cultivation facilities. The first study took place in small (illicit) operations with ~100 
plants per room found mixing ratios of monoterpenes as high as 100 ppbv (Martyny et al., 2013), 
i.e. over an order of magnitude higher than levels observed in high-emitting natural ecosystems 
such as forests (Ortega et al., 2014; Yanez-Serrano et al., 2015; Acton et al., 2016; Emmerson et 
al., 2016; Yanez-Serrano et al., 2018). The second study reported average monoterpene levels in 
CCF budding and flowering rooms to be ~360 ppbv (Southwellb et al., 2017). Most recently, the 
Dessert Research Institute measured monoterpene concentrations between 200 ppbv and 10 
ppmv in four CCFs in California and Nevada (Samburova et al., 2019).  
Wang et al. (2019a) measured emissions of volatiles directly from individual live plants of 
four different Cannabis spp. strains enclosed in chambers. The authors found that although the 
compounds d-limonene, and b-myrcene were the most commonly emitted compounds from each 
strain, the relative emission rates varied between strains. Total monoterpene emission rates from 
plants in the vegetative stage also varied by strain and had a range of 4.9-8.7 µgC dwg-1 h-1 (dwg 
 86 
is dry weight in grams). This is actually higher than most trees (Guenther et al., 1995; Guenther 
et al., 2006; Ortega and Helmig, 2008; Ortega et al., 2008). 
In subsequent work, Wang et al. (Wang et al., 2019a) developed a monoterpene emissions 
inventory of CCFs across Colorado and estimated that total emissions could be as high as 362 
tons year-1 for Denver county alone. There is considerable uncertainty in this estimate as 
assumptions were made in the number of plants per facility (0-50,000), dry weights per plant (1-
2500 g) and emission capacity (10-100 µg dwg-1 h-1). Prior to the introduction of this industry, it 
was estimated that Denver County had total emissions of biogenic VOCs (BVOCs) of ~265 tons 
year-1 (IWDW, 2017). Thus, the addition of the Cannabis industry could increase BVOC 
emissions by up to 627 tons year-1in Denver County (Wang et al., 2019a). Monoterpenes are 
highly reactive; their atmospheric lifetimes range from seconds to hours and the products of their 
oxidation reactions include secondary air pollutants such as ground-level ozone and particulate 
matter (PM) (Seinfeld and Pandis, 2006). When Wang et al. (Wang et al., 2019a) included 
monoterpene emissions from CCFs in an air quality model in the configuration used by the State 
of Colorado and EPA, they demonstrated these emissions were sufficient to increase hourly 
average ozone levels by as much as 1 ppbv per 1000 tons per year of monoterpenes released 
from CCFs.  
Given the considerable uncertainties in CCF emissions estimates and the importance of 
understanding their impacts on local air quality, we carried out a series of ambient sampling 
studies in the vicinity of CCFs in Denver County, home to 42% of CCFs and 50% of Cannabis 
plants in the state of Colorado (CDOR, 2018a). These experiments were designed to determine 
the composition of monoterpenes released into the atmosphere from active CCFs to constrain 
model predictions (Wang et al., 2019a) and reduce uncertainties associated with emission factors 
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(Wang et al., 2019b). This study focused on Park Hill, River North Art District, Sunnyside, 




Ambient air samples were collected onto sorbent cartridges from various locations in the 
Denver urban area during August 2016 (see Table 4.1 and Figure 4.1). The stainless-steel 
cartridges (from Markes International, Llantrisant, UK) were loaded with ~400 mg of Tenax TA 
and Carbograph 5TD in series, to optimise the capture of terpenoids. Air was drawn into the 
cartridges using small battery-powered pumps, which were placed on a portable platform ~1m 
above the ground. To reduce the effect of losses due to ozone on the adsorbent surfaces, filters 
impregnated with potassium iodide were used immediately upstream of the sorbent tubes 
(Pollmann et al., 2005). Two samples were simultaneously collected at each sampling point at 
approximately hourly intervals, using one low- and one high-flowrate of ~140 and ~300 cm3 
min-1 respectively. Pump flow rates (used to calculate sample volume) were checked periodically 
during the campaign period and found to remain stable within 1 ml min-1. Before sampling, clean 
cartridge tubes were kept capped at both ends and stored in sealed containers. Once used, they 
were re-capped, transferred to a second sealed container, and kept refrigerated until analysis. The 
total time from collection to analysis was no longer than one week for any sample. This 
methodology is consistent with the EPA’s TO-17 sampling protocol for toxic organic compounds 
in ambient air by cartridges (USEPA, 1999). 
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4.2.2 Sampling locations 
Sampling points were selected based on locations of registered CCFs (CDOR, 2019), 
with latitudes and longitudes confirmed in the field using handheld GPS. Figure 4.1 shows the 
clusters of CCFs targeted in this study, the 6 sampling locations and the background (BG) site. 
Details pertaining to sampling dates, times, and locations can be found in Table 4.1 and 4.2.  
All experiments were conducted in Denver County near the I-70 highway and to the 
northwest, west, and northeast of central Denver as shown in Figure 4.1. Selection of the CCF on 
which to centre sampling was determined by ease of access to sufficient radial locations at which 
to collect samples. In experiments 1-3, paired samples were collected radiating in upwind and 
downwind directions from a central CCF. Depending on the street layout, sampling points were 
either aligned in a north-south or southwest-northeast direction to align as closely as possible 
with the prevailing wind. Sampling points were spaced ~150-200 m apart, and each was visited 
only once. Experiments 4, 5, and BG (background) consisted of the collection of paired samples 
at a single point, at hourly intervals over an 8-hour period (roughly 08:00 - 16:00, Local Time, 
LT). Experiment BG was conducted at Denver City Park (104.943ºW, 39.751ºN) where the 
nearest CCF was 2 km away. 
Experiment 6 focused on the Park Hill area of Denver County. In this experiment 
samples were taken at two points near CCFs (19 m and 103 m) just to the north of the Park Hill 
residential area, and at two further points within it (433 m and 655 m). Sampling alternated 
between these sites resulting in 2-hourly, rather than hourly, samples at each. Experiment 6 was 
motivated by the high number of odour complaints from local Park Hill residents (Murray, 2016; 
Rusch, 2016). 
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4.2.3 Analysis method and instrument  
 Cartridges containing the ambient air samples were thermally desorbed and analyzed by a 
Gas Chromatograph (GC) (Agilent Technologies, model 7890A) coupled to both a Mass 
Spectrometer (MS) (model 5975C) and Flame Ionization Detector (FID), following published 
protocols (Harley et al., 2014). Thermal desorption (TD) was achieved by heating the tubes to 
275°C in a UNITY TD (model UNITY, Markes International, Llantrisant, UK). The analytes 
were then focused onto a small cryotrap, which was then rapidly heated to 300 °C and injected 
on to the GC. Helium was used as the carrier gas in the capillary column (RESTEK Rtx-5 model 
10224, 30 m, 0.32 mm, ID, 0.25 µm film thickness). The GC oven temperature cycle started at 
35 °C and was held at that temperature for 1 minute, subsequently increasing at 10 ºC per minute 
to 260 ºC for each cartridge. Ion fragments and retention time on the column were detected and 
recorded by MS and FID to optimize capability to distinguish different species present in the 
sample. To account for changes in MS sensitivity and potential losses during the adsorption and 
desorption processes, 2 ml of an internal standard (decahydronaphthalene (DHN)), was added to 
each GC sample. Additional cartridges containing 100 scc (130 ml at local atmospheric pressure) 
of a camphene (214.6 ppbv) and isoprene (335 ppbv) gas standard were processed with each 
experiment for calibration purposes. VOC mixing ratios in the sample were deduced by 
analyzing peak areas and comparing them against those recorded for either camphene (m/z = 93) 
or isoprene (m/z = 67) depending on m/z of the detected VOC and correcting for sample volume 
for each sample. 
The analysis method and calculations followed the protocol developed by Harley et al. 
(2014) for separation and quantification of low-mixing ratio VOCs that elute at similar times. 
The retention time and major ion fragments  for specific VOCs taken from the National Institute 
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of Standards and Technology (NIST) database and a previous study (Harley et al., 2014) were 
used to distinguish the individual monoterpenes (Table 4.3). The lower detection limits (LDL) of 
GC-MS samples are taken to be three standard deviations of blank values. The LDL of terpenes 
is 4 pptv for a 7 liters samples size. Below these limits, a non-detected (ND) symbol is reported 
in the results. 
Particular attention was given to distinguishing between d-limonene and b-phellandrene, 
which co-elute.  Following the procedure of Harley et al. (2014), a second major d-limonene 
peak at m/z=68 was used to calculate the mixing ratio of d-limonene and thus accurately 
determine the concentration of each compound. Fragment ion signals of isoprene (m/z = 67) and 
sesquiterpenes (m/z = 93 and 133) were also detected in samples by GC-MS, but are not reported 
here. The isoprene signal at m/z = 67 has a strong co-elution with other (anthropogenic) VOCs at 
almost identical retention times, and the sesquiterpene fragment signals were not of sufficient 
magnitude to identify individual sesquiterpenes from the NIST database. Thus, this study only 
reports specific monoterpene mixing ratios and composition in the samples. 
The results show no apparent breakthrough effect in the high-flowrate samples with a difference 
in total monoterpene mixing ratios <±10% between the two pump flowrates. All results 
presented here use only the low-flowrate pump data (N=74) to avoid system error. In one single 
case, the low-flowrate cartridge failed to capture the BVOCs, so the high flowrate data was used. 
4.2.4 Meteorological Data and back-trajectory estimate 
Meteorological data for each sampling period were obtained from the National Weather 
Service (NWS) and Road/Runway Weather Information System (RWIS) networks (Utah, 2019). 
Wind speed, wind direction, and temperature data from the nearest meteorological station were 
used to identify the up-wind and down-wind directions and the source locations for the samples, 
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and to estimate back-trajectories. A full list of available weather stations in the vicinity is given 
in Table 4.4.  
Due to the short life time of monoterpenes in the urban area, back-trajectories are only 
calculated for 3 hours duration using the approximation given in Eq. 1 (Stohl, 1998; Walmsley 
and Mailhot, 2010). At each time step, the current air mass location x and y and the u and v 
downwind and crosswind windspeed vectors from the nearest meteorological site at time t0 are 
used to calculate the previous location x’ and y’ at time t0-Dt. Here, the timestep Dt is 5 minutes. 
The u and v vectors are calculated from Eq. 2 using the wind direction (wwd) and wind speed 
(ws) data from the closest weather station in time to the sampling location.  
t𝑥
u = 𝑥 −	𝑢(𝑥, 𝑦, 𝑡z)	 × 	D𝑡
𝑦u = 𝑦 −	𝑣(𝑥, 𝑦, 𝑡z)	 × 	D𝑡
      Eq.1 
|𝑢 = 𝑤𝑠
(𝑥, 𝑦, 𝑡z) 	× 	𝑐𝑜𝑠c270°−𝑤𝑤𝑑(𝑥, 𝑦, 𝑡z)e
𝑣 = 𝑤𝑠(𝑥, 𝑦, 𝑡z) 	×	𝑠𝑖𝑛(270°− 𝑤𝑤𝑑(𝑥, 𝑦, 𝑡z))
    Eq.2 
4.3 Results 
4.3.1 The ambient monoterpenes mixing ratios and CCFs 
 Table 4.2 shows the location, sample duration and mixing ratios (pptv) for all individual 
monoterpenes detected, as well as the total amount of monoterpenes identified for each sample. 
Total monoterpene mixing ratios ranged from 44 – 926 pptv, with the lowest levels found at the 
BG site (average of 75±25 pptv from 8 samples). Excluding this site, the average monoterpene 
mixing ratios were 408±203 pptv (from 67 samples). Figure 4.2 shows that morning (06:00-
11:00 LT) monoterpene mixing ratios are strongly correlated with the distance to the closest 
upwind CCF (R2 = 0.78, p-value << 0.001, where the p-value is derived from the null hypothesis 
in F-test the probability of no relationship between the two variables that we observed). As 
expected from Gaussian plume dispersion models, mixing ratios decrease as the square of the 
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distance from the source increases. As shown in Figure 4.2, mixing ratios at the BG site (2,260 m 
from the nearest CCF) varied between 66-116 pptv. By contrast, mixing ratios >500 pptv, i.e. 
approximately 5 times that of BG concentrations, were found at distances of 5-100 m downwind 
of the closest CCF. At a distance of 5 m, the average and standard deviation of mixing ratio were 
632±163 pptv (N=5); at 12 m, these were 626±215 pptv (N=8), and at 100-200 m, these were 
392±104 pptv (N=10). The relatively high standard deviations are reflections of different 
emission rates from the different CCFs and the number of additional CCFs that lie on the back-
trajectory and thus contribute to the monoterpenes sampled at a particular location. 
Experiment 2, located at the River North Art District, was conducted near an isolated 
CCF with no other CCFs within 1.5 km. Two samples were taken together simultaneously every 
30 minutes from 6:15 to 09:00 LT at 8 different locations resulting in a total of 16 samples. 6 of 
these locations were either directly upwind or downwind of the CCF. Figure 4.3(A) shows the 
sampling time, distance from the CCF (marked by a green diamond) and total monoterpene 
mixing ratio for each of these 6 sample locations. During this experiment, the windspeed ranged 
from 0.9-2.6 m s-1 (average of 1.5 m s-1) and the average wind direction (211º±37º) is indicated 
by the blue arrow. As expected, total monoterpene mixing ratios were highest downwind of the 
CCF peaking at 823 pptv at 5 m and decreased with downwind distance (682 pptv at 107 m; 534 
pptv at 239 m). These levels are ~4-7.5 times higher than the maximum recorded at the BG site 
(116 pptv). The concentration gradient upwind of the CCF was 410 - 550 pptv over a similar 
distance. During the sampling period, the wind direction is consistent and wind speed is slow. 
Thus, it is likely that emissions from this CCF also diffused upwind of the CCF.  
Figure 4.3(B) shows the monoterpene composition at the closest (5 m and -31 m) and 
farthest (239 m and -282 m) distances of upwind and downwind sampling locations shown in 
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Figure 4.3(A). If the sample taken at 5 m distance from the CCF is representative of the emission 
flux, it is evident that the fraction of b-myrcene decreases rapidly with distance. At the same 
time, a- and b-pinene, and to a lesser extent camphene and p-cymene comprise more of the total 
fraction of monoterpenes. This is consistent with the relative reactivities of the monoterpenes 
with the highly reactive b-myrcene oxidizing far more rapidly than the more stable compounds 
such as a- and b-pinene. The atmospheric lifetime of a-pinene is ~5´ that of b-myrcene against 
both the OH radical and ozone (Hites and Turner, 2009; Hens et al., 2014; Yanez-Serrano et al., 
2018).  
The experiment times in this study varied from 06:00-09:00 LT or 08:00-15:00 LT, but 
measurements collected between 08:00-09:00 LT are available for all experiments. At this hour, 
the samples are least impacted by photochemistry losses that occur later in the day and by 
dilution with the mid-day development of the planetary boundary layer (PBL). These samples 
therefore, provided an opportunity to investigate the emission source strengths of CCFs upwind 
of all experimental locations. Figure 4.4 shows the average mixing ratios for all experimental 
sites using only data from these times. Taking wind speed and direction data from the closest 
meteorological site, we estimated 3-hour back trajectories at 08:00, 08:30 and 09:00 LT for each 
of these sites. These are shown in Figure 4.5. The back-trajectory paths were analysed to identify 
known CCFs located along the pathway that therefore contributed to the air samples taken. The 
total number of CCFs along each back-trajectory are shown by the grey bars in Figure 4.4. The 
3-hour back-trajectories from the BG site (Figure 4.5) do not pass over any CCFs, providing 
confidence that this measurement is not influenced by CCF emissions. As the number of 
Cannabis spp. plants under cultivation in individual CCFs is not publicly available the relative 
source strength of each CCF could not be determined. Nevertheless, there was a strong 
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correlation between the maximum measured mixing ratios (of 403-864 pptv) with the number of 
contributing CCFs in the northern region of Figure 4.4. These concentrations are ~3-8 times 
higher than those at the BG site. Interestingly, experiment 5 had similar total monoterpene 
concentrations as the other experiments, but appeared to be influenced by only 30 CCFs. This 
could be the result of the number, strain, or growth stage of the plants in those CCFs, or the 
activities or venting practices at the time of the measurement.  
4.3.2 Monoterpene composition  
Figure 4.4 shows the composition of monoterpenes based on the average of 
measurements taken from 08:00-09:00 LT at each experimental site within 200 m of the CCF. 
Compared to the BG site, the samples taken near CCF clusters had higher proportions of d-
limonene (18-35%),  a-pinene (16-32%), p-cymene (6-16%) and 3-carene (4-12%), but fractions 
of b-pinene and eucalyptol were lower. However, the dominant monoterpene differed between 
the CCF sites with a- and b-pinene (up to 27% and 17% respectively) dominating in the west 
(experiments 1 and 5), and b-myrcene and d-limonene (up to 20% and 33% respectively) in the 
east (experiments 2 and 4). Experiment 6 also showed a relatively large proportion of sabinene 
(12%), a minor contribution elsewhere. The differences in terpene compositions associated with 
the different CCF cluster locations suggest a mixture of Cannabis ssp. strains under cultivation 
across Denver. Thujene, camphene, b-myrcene, and 3-carene were observed in the vicinity of 
CCFs, but were below detection limits at the BG site, suggesting that the monoterpene 
composition from the Cannabis industry in Denver differs from the other local vegetation, such 
as landscaping, lawns, trees and gardens. 
Figure 4.6(A) shows the composition of monoterpene and terpenoids emissions measured 
by (Wang et al., 2019b) from four Cannabis spp. strains: Critical Mass (CM), Lemon Wheel 
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(LW), Elephant Purple (EP), and Rockstar Kush (RK). The dominant compounds among these 
strains were b-myrcene (20-60%), eucalyptol (18-40%) and d-limonene (3%-10%). Figure 
4.6(B) shows the same data as Figure 4.4, but normalized to percentage (%) for comparison. 
Comparing the compositions of ambient air and enclosure samples, it appears that b-myrcene is 
ubiquitous between strains but absent from background air in Denver (BG site on Figure 4.6B) 
and may therefore be exclusive to Cannabis in an urban context. Interestingly, the proportion of 
sabinene measured at experiment 6 was similar to that from the Critical Mass strain (Wang et al. 
2019b).  
Figure 4.6(C) presents monoterpene compositions measured in indoor grow rooms of 
four different CCFs in the US states of California and Nevada (Samburova et al., 2019). Their 
results indicate that different monoterpene compounds dominate in each of the CCFs: b-myrcene 
(CCF 1: 55% and 3: 42%), b-pinene (CCF 2: 68%), and d-limonene (CCF 4: 58%) as the 
composition of BVOCs emitted from Cannabis spp. varies by strain, growth stage, growth 
environment and agronomic practice. This result may explain the reason for the lack of 
eucalyptol found in the ambient environment despite being seen in direct emissions from all four 
strains tested by Wang et al. (2019b). However, b-myrcene was again detected in all samples 
from Cannabis spp. Figure 4.6(A)-(C) show that  g-terpinene and terpinolene were present in the 
direct emissions sampled from Cannabis spp. plants and from grow rooms, but were not detected 
in the ambient measurements.  
 Figure 4.7 shows hourly fractional monoterpene compositions for experiments 4-6, and 
BG between 08:00 and 15:00. Total mixing ratios are reported at the top of each bar. Peak 
concentrations were recorded at 09:00 LT at all experiments (10:00 LT at experiment 6 which 
was only sampled 2-hourly). Mixing ratios generally fall in the afternoon across the experiments 
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due to increasing PBL height and photochemical loss although there is an anomaly to this pattern 
as seen in experiment 5 where secondary peaks occur at 12:00 and 14:00 LT. It may be that the 
relatively constant concentrations seen at experiment 5 were due to the close proximity of the 
sampling to the ventilation outlet of the CCF (~5 m) Inside CCFs, the environment is typically 
maintained at constant conditions of light, temperature and CO2 concentrations, but other 
activities such as plant movement, harvesting, trimming and air handling can contribute to how 
emissions are vented into the ambient atmosphere.  
 The monoterpene fractional compositions of experiments 4 and 5 also changed by time. 
In experiment 5, the fraction of b-myrcene was 10% at 08:00 LT, and increased to 62% at noon; 
then it decreased to 45% at 15:00 LT, Experiment 4 showed a similar pattern in that d-limonene 
and b-myrcene were low in the morning, but increased to their peak concentrations at noon. This 
mid-day increase at noon cannot be explained by photochemistry, as b-myrcene and d-limonene 
have higher rate constants (shorter lifetimes) than a-pinene and b-pinene at ambient conditions. 
Thus, this could be the result of emission composition changes. Some previous laboratory and 
field studies have shown that the monoterpene emission fraction from a plant are known to be 
environmental condition dependent, such as light, temperature and insects (Sharkey et al., 1991; 
Staudt et al., 1997; Jones et al., 2011; Yanez-Serrano et al., 2018), but the Cannabis plants in this 
study is unknown. 
4.3.3 Comparison with air quality model predictions  
Figure 4.8 shows the measured hourly monoterpene mixing ratios at experiments 1-6 
between 06:00-15:00 LT with the BG samples (taken between 08:00-15:00 LT) shown as black 
dots. In the early morning hours, from 06:00-09:00 LT, the median mixing ratios of total 
monoterpenes were 444 to 505 pptv, with an inter quartile range (IQR; Q3-Q1) of 135 to 282 
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pptv (06:00-09:00 LT). From 10:00 LT, monoterpene mixing ratios decreased initially due to the 
dilution effect of the evolution of the PBL and then from the increase in photochemical loss 
rates. By contrast, experiment 5 exhibited two peaks (668 and 680 pptv at 12:00-13:00 LT and 
14:00-15:00 LT respectively), most likely due to the close proximity of the sampling point to the 
CCF ventilation outlet preventing chemical loss or dilution prior to sampling.  
We previously reported monoterpene concentrations across Denver County simulated by 
the Western Air Quality Study model (ENVIRON and AlpineGeophysics, 2017a) when 
estimated CCF emissions were included (Wang et al., 2019a). Figure 4.8(B) and 4.8(C) compare 
modeled mixing ratios (with and without CCF emissions) with those measured here. As shown in 
Figure 4.8(B), the median mixing ratio without CCF emissions was 88 pptv at 06:00 LT and 12 
pptv at 12:00 LT across all relevant grid cells, which is similar to the data from the BG site 
(median = 67.5 and IQR = 34.5). When Denver CCF emissions of 362 tons year-1 were included 
in the model (Figure 4.8C), the median rose to 511 pptv at 06:00 LT and 40 pptv at 12:00 LT, 
very close to the average of the samples collected at CCF sites at 06:00 LT (505 pptv) although 
somewhat lower than observations at 12:00 LT (165 pptv). The comparison between model and 
measurement is significant, suggesting that more ambient long-term studies at different hours, 
seasons, and locations are necessary to reduce uncertainties of CCF emission estimates and 
determine the actual hourly emission rate.  
4.4 Conclusion  
 This is the first study to provide evidence of elevated outdoor concentrations of 
monoterpenes in the vicinity of CCFs in Denver where the Cannabis industry is legalized. The 
results recorded total monoterpene mixing ratios are ~4-8 times higher around CCFs than 
observed at background levels. Monoterpene concentrations decreased ~1.5 pptv per meter 
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distance away from each individual CCF. While the total number of CCFs within 500 m strongly 
correlated with measured mixing ratios, some clusters of CCFs had higher than expected mixing 
ratios in the vicinity. This is likely due to differences in emission source strengths due to 
differences in the number, strain and growth stage of plants, and crop management activities 
taking place in each CCF. This information is currently unavailable to the research community 
and could not be used in this study. Analysis of monoterpene composition showed geographic 
variability suggesting that different clusters of CCFs may have different monoterpene emission 
profiles due to variability in strains or life cycle. One monoterpene,  b-myrcene, was identified in 
samples taken downwind of CCFs. But this compound was not detected in background 
measurements at a site remote from CCFs. As it has previously been reported in samples from a 
leaf enclosure study and indoor rooms at CCFs, b-myrcene could be used as a tracer for CCF 
emissions for Denver.  
 The sampling studies reported here were limited in both time and space. Future 
campaigns across more sample locations and during different seasons would be beneficial to 
better understanding the impact CCF emissions have on terpene mixing ratios in Denver. Our 
study, however, clearly demonstrates that emissions from growing Cannabis spp. are detectable 
at high concentrations at predictable distances from CCFs, suggesting this single industry 
strongly influences the composition of the urban atmosphere in Denver. Given the fairly unique 
“signature” of compounds from Cannabis spp. and the proximity to clusters of CCFs we are 
confident that the VOCs we sampled did indeed originate from CCFs. 
Our findings suggest that the introduction and rapid growth of previously niche industries 
(e.g. artisan coffee roasters, craft breweries, etc that are highly odiferous) can also be expected to 
have similar impacts. Previous studies have also shown the usage of volatile chemical products 
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(VCPs), such as acetone, chlorinated hydrocarbons, monoterpene and aldehydes, in household 
cleaning and personal care products affect VOC concentrations in urban areas (McDonald et al., 
2018). We suggest an urgent need for more studies and better understanding, already in place for 
existing traditional industries and products, to protect urban populations from increasing 
exposure to these chemicals and their secondary air pollutants. 
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Table 4.1 The summary of sampling dates, duration, number of sampling points and distance to 
the closest meteorological site. 












Site Identification  
1 Aug 2, 2016 
06:10-12:10 LT 
55 20 10 1.7 km CO144 
2 Aug 11, 2016 
06:15-09:00 LT 
30 16 8 2.8 km CO144 
3 Aug 15, 2016 
06:10-09:00 LT 
30 16 8 4 km AENC2, CO011 
4 Aug 10, 2016 
07:35-16:10 LT 
50 32 2 1.7 km CO003 
5 Aug 17, 2016 
07:45-15:35 LT 
50 16 1 1.5 km CO006 
6 Aug 3, 2016 
07:54-16:13 LT 
50 34 4 1.7 km CO003 
BG Aug 19, 2016 
07:45-15:20 LT 




Table 4.2 The details of measurement date, time, locations, and the total and explicit 






Date latitude longitude Start Time Sample Time Experiment Flow rate (ccm) T (degC)
Total 
monoterpene thujene alpha-pinene camphene sabinene beta-pinene beta-myrcene d 3-carene p-cymene d-limonene beta-phellandrene eucalyptol
8/2/16 39.778525 -104.99948 6:10 0:55 1 140 18 393 19 107 43 5 53 16 18 45 87 ND ND
8/2/16 39.778397 -105.00159 6:10 0:55 1 140 18 445 23 119 44 10 52 14 25 60 99 ND ND
8/2/16 39.778525 -104.99948 7:45 0:55 1 140 22 624 26 201 63 11 78 16 40 61 128 ND ND
8/2/16 39.778397 -105.00159 7:45 0:55 1 140 22 543 29 119 62 15 71 17 33 60 136 ND ND
8/2/16 39.776583 -104.99944 8:50 0:55 1 140 25 392 22 74 44 11 56 10 25 54 96 ND ND
8/2/16 39.775576 -104.99934 8:50 0:55 1 140 25 430 23 79 40 9 51 11 23 53 141 ND ND
8/2/16 39.774296 -104.99949 8:50 0:55 1 140 25 515 12 46 22 20 49 7 12 22 324 ND ND
8/2/16 39.780115 -104.99927 10:05 0:55 1 140 28 226 11 36 18 6 22 11 9 31 82 ND ND
8/2/16 39.781952 -104.99933 10:05 0:55 1 140 28 213 11 26 15 7 19 7 8 28 92 ND ND
8/2/16 39.779458 -105.00506 11:15 0:55 1 140 31 198 17 24 6 20 15 14 7 31 66 ND ND
8/11/16 39.764605 -104.98091 6:15 0:30 2 140 17 550 11 97 46 ND 56 116 23 34 167 ND ND
8/11/16 39.764942 -104.98046 6:15 0:30 2 140 17 416 11 117 45 ND 48 37 23 57 65 14 ND
8/11/16 39.762729 -104.98332 6:50 0:30 2 140 18 410 14 99 42 ND 54 11 24 46 120 ND ND
8/11/16 39.763659 -104.98213 6:50 0:30 2 140 18 461 15 99 52 ND 37 67 24 50 118 ND ND
8/11/16 39.76545 -104.97973 7:25 0:30 2 140 20 682 18 227 63 5 52 19 45 66 187 ND ND
8/11/16 39.766338 -104.97866 7:25 0:30 2 140 20 534 19 135 58 5 52 11 36 67 151 ND ND
8/11/16 39.76462 -104.98009 8:30 0:30 2 140 22 823 20 133 46 11 60 233 40 52 227 ND ND
8/11/16 39.764981 -104.98069 8:30 0:30 2 140 22 505 20 101 37 27 50 57 31 44 138 ND ND
8/15/16 39.782 -104.859 6:10 0:30 3 140 16 654 9 114 29 ND 51 207 20 42 180 ND ND
8/15/16 39.782 -104.861 6:10 0:30 3 140 16 442 8 93 20 ND 44 91 27 31 128 ND ND
8/15/16 39.779 -104.859 7:00 0:30 3 140 16 303 8 101 19 ND 40 6 11 36 82 ND ND
8/15/16 39.779 -104.861 7:00 0:30 3 140 16 337 8 84 24 ND 41 22 23 31 105 ND ND
8/15/16 39.784 -104.859 7:50 0:30 3 270 18 333 10 96 27 ND 40 26 15 43 76 ND ND
8/15/16 39.786 -104.859 7:50 0:30 3 140 18 391 14 103 28 8 45 24 26 52 91 ND ND
8/15/16 39.788 -104.859 8:30 0:30 3 140 22 339 14 68 19 7 35 52 16 43 85 ND ND
8/15/16 39.79 -104.859 8:30 0:30 3 140 22 360 10 86 23 ND 40 28 15 57 102 ND ND
8/10/16 39.777721 -104.96233 7:35 0:50 4 140 22 681 29 144 71 12 93 46 49 67 155 14 ND
8/10/16 39.777721 -104.96179 7:35 0:50 4 140 22 630 31 126 37 33 103 37 59 35 169 ND ND
8/10/16 39.777721 -104.96233 8:35 0:50 4 140 26 865 28 135 44 10 68 147 50 68 306 8 ND
8/10/16 39.777721 -104.96179 8:35 0:50 4 140 26 661 27 116 36 11 68 69 35 90 201 8 ND
8/10/16 39.777721 -104.96233 9:30 0:50 4 140 29 492 24 82 27 10 32 49 40 74 137 18 ND
8/10/16 39.777721 -104.96179 9:30 0:50 4 140 29 926 23 97 35 9 48 194 44 74 389 14 ND
8/10/16 39.777721 -104.96233 10:25 0:50 4 140 30 253 7 35 14 ND 8 46 9 39 95 ND ND
8/10/16 39.777721 -104.96179 10:25 0:50 4 140 30 500 9 54 12 ND 22 117 15 39 223 9 ND
8/10/16 39.777721 -104.96233 12:30 0:50 4 140 34 144 3 19 8 ND 5 33 ND 22 54 ND ND
8/10/16 39.777721 -104.96179 12:30 0:50 4 140 34 525 5 42 16 ND 31 148 9 51 223 ND ND
8/10/16 39.777721 -104.96233 13:20 0:50 4 140 34 391 8 57 22 ND 23 93 24 32 134 ND ND
8/10/16 39.777721 -104.96179 13:20 0:50 4 140 34 198 5 29 8 ND 23 15 29 39 51 ND ND
8/10/16 39.777721 -104.96233 14:20 0:50 4 140 32 218 5 42 15 ND 12 34 17 35 58 ND ND
8/10/16 39.777721 -104.96179 14:20 0:50 4 140 32 173 5 29 ND 5 18 27 19 12 58 ND ND
8/10/16 39.777721 -104.96233 15:20 0:50 4 140 33 214 ND 41 9 ND 11 37 9 34 73 ND ND
8/10/16 39.777721 -104.96179 15:20 0:50 4 140 33 148 8 27 24 ND 5 20 7 15 43 ND ND
8/17/16 39.730705 -105.01388 7:45 0:50 5 140 21 702 18 165 46 12 121 70 68 75 125 ND ND
8/17/16 39.730705 -105.01388 8:45 0:50 5 140 24 712 24 134 28 37 90 104 34 147 113 ND ND
8/17/16 39.730705 -105.01388 9:45 0:50 5 140 27 444 7 66 10 ND 28 144 8 53 128 ND ND
8/17/16 39.730705 -105.01388 10:45 0:50 5 140 28 479 6 50 10 ND 16 229 6 40 124 ND ND
8/17/16 39.730705 -105.01388 11:45 0:50 5 140 30 666 ND 37 ND 5 17 417 ND ND 190 ND ND
8/17/16 39.730705 -105.01388 12:45 0:50 5 140 31 434 ND 33 ND ND 9 243 ND 22 128 ND ND
8/17/16 39.730705 -105.01388 13:45 0:50 5 140 32 680 5 62 12 ND 14 349 5 54 179 ND ND
8/17/16 39.730705 -105.01388 14:45 0:50 5 140 32 360 ND 54 ND ND 12 162 ND 17 114 ND ND
8/3/16 39.770228 -104.92952 7:54 0:50 6 140 21 410 29 69 24 49 41 17 17 34 130 ND ND
8/3/16 39.769301 -104.92952 7:54 0:50 6 140 21 383 35 69 25 42 9 11 79 42 70 ND ND
8/3/16 39.76553 -104.92952 8:54 0:50 6 140 24 303 24 54 24 17 24 8 12 50 90 ND ND
8/3/16 39.763845 -104.92952 8:54 0:50 6 140 24 583 44 75 33 63 77 14 26 86 164 ND ND
8/3/16 39.770228 -104.92952 9:54 0:50 6 140 27 585 15 76 35 6 24 165 15 69 180 ND ND
8/3/16 39.769301 -104.92952 9:54 0:50 6 140 27 290 19 60 18 6 20 11 12 43 100 ND ND
8/3/16 39.76553 -104.92952 10:55 0:50 6 140 29 231 12 32 17 6 14 27 16 34 74 ND ND
8/3/16 39.763845 -104.92952 10:55 0:50 6 140 29 128 11 26 9 ND 6 11 6 23 36 ND ND
8/3/16 39.770228 -104.92952 12:18 0:50 6 140 31 101 6 14 5 ND ND 12 ND 15 50 ND ND
8/3/16 39.769301 -104.92952 12:18 0:50 6 140 31 165 7 19 ND ND 5 19 7 25 84 ND ND
8/3/16 39.76553 -104.92952 13:20 0:50 6 140 33 107 6 11 5 ND ND 27 7 16 35 ND ND
8/3/16 39.763845 -104.92952 13:20 0:50 6 140 33 103 ND 12 5 ND ND 17 5 20 44 ND ND
8/3/16 39.770228 -104.92952 14:20 0:50 6 140 34 206 ND 25 10 ND 16 42 12 ND 101 ND ND
8/3/16 39.769301 -104.92952 14:20 0:50 6 140 34 211 ND 20 12 ND ND 32 10 36 100 ND ND
8/3/16 39.76553 -104.92952 15:23 0:50 6 140 34 164 6 22 6 ND ND 17 12 33 69 ND ND
8/3/16 39.763845 -104.92952 15:23 0:50 6 140 34 145 8 19 8 ND ND 14 9 33 54 ND ND
8/3/16 39.765 -104.92952 15:27 0:45 6 140 34 188 11 27 9 ND 14 9 12 28 77 ND ND
8/19/16 39.7505 -104.9435 7:45 0:50 BG 140 15 108 ND 25 ND ND 12 ND ND 17 36 ND 17
8/19/16 39.7505 -104.9435 8:35 0:50 BG 140 16 116 ND 27 ND ND 9 ND 8 20 24 ND 27
8/19/16 39.7505 -104.9435 9:30 0:50 BG 140 17 66 ND 10 ND ND ND ND ND 12 18 ND 25
8/19/16 39.7505 -104.9435 10:25 0:50 BG 140 19 80 ND 10 ND ND ND ND ND 7 35 ND 28
8/19/16 39.7505 -104.9435 11:55 0:50 BG 140 21 69 ND 8 ND ND ND ND ND 12 19 ND 29
8/19/16 39.7505 -104.9435 12:50 0:50 BG 140 22 56 ND 7 ND ND ND ND ND 10 10 ND 28
8/19/16 39.7505 -104.9435 13:40 0:50 BG 140 23 44 ND 8 ND ND ND ND ND 15 22 ND ND
8/19/16 39.7505 -104.9435 14:30 0:50 BG 140 25 63 ND 10 ND ND ND ND 6 14 16 ND 18
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Table 4.3 The GC-MS retention time and fragment of explicit monoterpenes 
 







ion used for 
quantitation
fragment(%)
thujene 8.4 93 28.6
alpha-pinene 8.56 93 26.3
camphene 8.89 93 18.8
sabinene 9.3 93 26.6
beta-pinene 9.43 93 25.5
beta-myrcene 9.54 93 23.7
alpha-phellandrene 9.93 93 32.1
alpha-terpinene 10.13 93 15.4
p-cymene 10.28 119 38.8
d-limonene 10.32 68, 93 12
beta-phellandrene 10.36 93 34
eucalyptol 10.43 93 6
cis-beta-ocimene 10.56 93 22.4
gamma-terpinene 10.87 93 20
terpinolene 11.38 121 14.5
caryophyllene 16.9 93 -
Site Longititude Latitude Altitude (m)
Time period 
(min)
KBJC -105.10417 39.90085 1692 20
KAPA -104.84841 39.55991 1789 5
KDEN -104.65622 39.84658 1647 5
KEIK -105.05033 40.01169 1550 20
KBDU -105.22582 40.03943 1612 20
KFTG -104.55000 39.78333 1709 60
KMNH -104.63389 39.21667 2152 20
KBKF -104.75806 39.71331 1700 60
AENC2 -104.85572 39.82425 1608 60
LOOC2 -105.25028 39.72417 2287 60
CTPC2 -105.08406 39.41908 2154 60
BTAC2 -105.36139 40.01806 2052 60
CO006 -105.01654 39.74421 1583 10
CO003 -104.94333 39.78024 1597 10
CO148 -105.00041 39.71298 1594 10
CO144 -104.98839 39.79054 1584 10
CO146 -105.09575 39.78393 1627 10
CO011 -104.81014 39.77152 1643 10
CO024 -104.82871 39.69712 1702 10
CO145 -104.95799 39.68458 1632 10
CO161 -104.91108 39.64095 1706 10
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Figure 4.1 Map centered on downtown Denver, CO showing sampling locations listed in Table 1 
(yellow stars), medical cannabis cultivational facilities (CCFs, red crosses), recreational CCFs 
(green triangles), and meteorological sites (black dots). The total number of CCFs in Denver 




Figure 4.2 Monoterpene mixing ratios in samples taken between 06:00-11:00 LT for all 
experimental sites versus distance to the closest upwind CCF. Note that both axes are log scale. 
The curved line is the predicted regression model whose equation is shown in the left of the plot 
area. The p-value is null hypothesis, that is defined the probability of no relationship between 




Figure 4.3 Sampling site 2: Panel (A) shows the sampling locations (red dots), corresponding 
mixing ratios and sampling times. Also shown are the upwind (-) and downwind (+) distances 
(meters) from the CCF (green diamond). The blue arrow indicates the average wind direction 
during the sampling period. Panel (B) shows fractional monoterpene composition at the two 






Figure 4.4 The average monoterpene and terpenoid mixing ratios (pptv) and number of samples 
at each site between 08:00-09:00 LT. The estimated number of CCFs along the estimated back-





Figure 4.5 The 3 hours back-trajectory pathway for all experiments (Table 1) ending at 08:00 LT 
(blue circle), 08:30 LT (green circle) and 09:00 LT (red circle) for all experiments. The back-
trajectories are calculated by local weather station data. The yellow stars are the sampling 
location, the black dots are the meteorological sites the green triangles are the recreational CCFs, 






Figure 4.6 (A) The monoterpene and terpenoid composition (%) of emissions from Critical Mass 
(CM), Lemon Wheel (LW), Elephant Purple (EP), and Rockstar Kush (RK; Wang et al., 2019b). 
and (B) in ambient air samples taken at experiments 1–6 and BG. (C) The monoterpene 
composition (%) in the grow room of four different indoor facilities measured by Samburova et 
al. (Samburova et al., 2019). 
 
  
(A) (B) (C) 
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Figure 4.7 Monoterpene composition from experiments (A) 4, (B) 5, (C) 6, and (D) background 
(BG) between 08:00 and 15:00 LT. The numbers on the top of each bar are the total monoterpene 








Figure 4.8 (A) Measured hourly timeseries of monoterpene mixing ratios (pptv) at 6 experiments 
(box plot) and from the background (BG) site (black circles). The number on the top of each box 
is samples number. Predicted monoterpene mixing ratios (pptv) at the sampling sites simulated 
by the western air quality study model (WAQS 2011b) (ENVIRON and AlpineGeophysics, 
2017a) (B) in the absence of CCF emissions, and (C) with predicted monoterpene emissions of 
362 ton year-1 (Wang et al., 2019a). The black cross in each boxplot is the mean of each 
experiment, and open circles denote outliers (>Q3 + 1.5x inter quartile range (IQR)). 
  
A B C 
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CHAPTER 5: CONCLUSION 
This is the first study to assess the air quality impact of the cannabis cultivational 
industry. Currently, cannabis usage is still illegal at the federal level, however, the annual sales 
of cannabis products are about USD 10 billion in cannabis legalized states in the U.S. Therefore, 
this industry becomes an import emission source that should be considered for their air quality 
impact. To assess the air quality impact of cannabis industry, this study includes three different 
sections: the emission factor study of the cannabis plants, using the air quality model to estimate 
the emission and the ozone impact, and contacting the ambient measurement to prove that the 
ambient biogenic volatile organic compounds (BVOCs) mixing ratios are affected by cannabis 
cultivational facilities.  
In the first section, the BVOCs emission rates and compositions of four different strains 
are measured by the leaf enclosure method. The result indicates that those plants released relative 
significant monoterpenes and terpenoids (5-9 µgC g-1 hr-1), and the plant age and strains vary the 
composition of those BVOCs. In the second study, the emission rates (36-360 tons year-1) from 
cannabis cultivational facility (CCF) in Denver County are estimated by three different 
parameters, emission capacity (µgC g-1 hr-1), dry plant weight per plant (g), and plant counts per 
facility. The air quality regulatory model made by the Colorado state government is applied to 
study the ozone impact of CCF emission. The result indicated that the critical uncertainty factor 
is emission capacity, and the ozone sensitivity test shows that every 1,000 tons year-1 of 
monoterpene emission result in increasing 1 ppb ozone in Denver County. The result also
 126 
presented that the maximum ozone increasing day featured “upslope flows” that are a common 
meteorological condition linked to ozone exceedances periods in summer.  
Finally, the adsorbing tubes are applied to capture the ambient BVOCs within six 
different CCF clusters and a background site (Denver City Park) in Denver County. The ambient 
measurement result shows that the monoterpene mixing ratios at CCF clusters is 4-8 times higher 
than the background sites. The statistics model and back-trajectory model results proved that 
BVOCs identified in ambient are released from the CCFs. Therefore, these three studies 
conclude that the cannabis industry can release significant BVOCs and impact regional air 
quality.  
5.1 Uncertainties 
This study has many uncertainties in estimating the emission rate of the cannabis industry 
and their air quality impact. First of all, the emission factor measurement study is based on a 
bottom up method, which needs a lot of measurement experiments to build the inventory for all 
strains and growth stages. In this study, however, only got a small number of samples in 2016 
summer. Thus, those samples may not be able to represent the whole cannabis populations. 
Actually, only four cannabis strains in the growing stage without buds are measured in this study 
(Wang et al., 2019b), but there are more than 600 different strains (Leafly, 2018) and 550,000 
cannabis plants with buds in Denver county (Hartman et al., 2018a). Cannabis plants with buds 
can release more BVOCs; the monoterpene emission rate and emission compositions varied by 
the strains and growth stages. Due to the limit samples, the emission inventory may not reflect 
the real emission from the cannabis plants. Thus, those emission uncertainties can cause 
significant bias in the emission calculation. 
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Further, those plants are cultivated in the indoor environment in Denver. Although the 
annual BVOC that directly released by the cannabis plants are estimated in this study, the human 
activities in CCFs, such as harvest, trimming, waste, dry, and the daily operation of the heating, 
ventilation and air condition (HVAC) system are not considered. Those human activities can 
change the hourly emission rate and cause a severe impact in a short period. Further, the usage of 
organic solvation to make the final product of cannabis can also increase the VOC emissions. 
Therefore, human indoor activities can primarily affect the hourly emission rate and emission 
composition from the CCFs. This can cause VOC emission underestimated and worse air quality 
in short time period.  
In the emission inventory and ozone modeling part, Denver and Front Range area is 
diagnosed as an ozone nonattainment area, and the previous model study indicates that this area 
is VOC-limited for ozone production. Therefore, the highly reactive VOC from the cannabis 
industry in Denver County is crucial. The previous air quality study about ozone production in 
Denver and Front Range (Pfister et al., 2019) indicated that even the oil and gas industry in this 
area double the VOC emissions (from 21,565 tons year-1 increasing to 41,129 tons year-1), the 
hourly ozone concentration only increases about 2 ppb in the model. Thus, the increasing peak 
hourly ozone rate by VOC from the oil and gas industry is about 0.1 ppb per 1,000 tons year-1, 
which is one-tenth of the ozone sensitivity by the cannabis industry in Denver. In Denver, every 
1,000 tons year-1 of monoterpene emission from the cannabis industry could increase 1 ppb of 
ozone. Thus, the cannabis industry has higher ozone sensitivity impact. There are two reasons 
cause this phenomenal: the CCFs are located near major highways with massive NOx emission, 
and the monoterpene is highly reactive biogenic VOCs. Those two conditions lead the 
monoterpenes can be quickly transferred to the ozone precursor (peroxyl radicals and aldehydes) 
 128 
in the urban area no matter daytime or nighttime, and finally have a more significant impact on 
ozone concentration. In conclusion, the modeled ozone production is sensitive by the detail 
information of each CCF, such as the cannabis plants count, plant weight, strains and the 
cultivation facility locations. This information, however, are not published by Colorado 
Department of Revenue and will cause the bias of ozone prediction in the model study.  
In the simulation process, all monoterpenes in the air quality model are considered to one 
surrogate species, TERP. The surrogate terpene species share one reaction rate constant derived 
from a weighted average of their respective emission rates (40% α-pinene, 25% b-pinene, 15% 
3-carene, 10% sabinene and 10% d-limonene). The TERP in the model can't represent the 
monoterpene emission of the cannabis plants. Further, the different rate constants and their 
products of the other highly reactive monoterpenes, such as β-myrcene, d-limonene, and 
terpinolene, are ignored. This means that most chemical transport models do not consider a 
significant part of highly reactive BVOCs, but these might account for a considerable fraction of 
the production of secondary air pollutants. For example, the rate constant of d-limonene with OH 
radical is 1.69 × 10-10 cm3 molecules-1 s-1 (kT=298 K), which is 2.5 times higher than the 
surrogate species for monoterpenes in the CB6r2 mechanism and 3.3 times faster than α-pinene. 
In other words, if d-limonene and α-pinene were released with the same emission rate in a box 
model under the same OH radical levels, d-limonene could contribute more to secondary 
products than α-pinene. The use of surrogate species in a simplified mechanism misses these 
critical details. Therefore, this cause the uncertainties when simulate the ozone and SOA 
formation. 
In the ambient measurement study, due to only four battery pumps can be used, this study 
didn't take the samples at the background and cannabis industry sites simultaneously. Therefore, 
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the different meteorological conditions by dates can cause the PBL height changes and the 
uncertainties of VOC measurement. Additionally, the back-trajectory process in this study didn't 
consider the street canyon effect and PBL changes in Denver. The back-trajectory method can 
only present the possible directions of the VOC source of our sample, but still have a bias in time 
and locations. The upper air data at Denver airport are also applied to understand the PBL 
changed by date, and those data indicated the meteorological condition of background 
experiment is different than other experiments. Therefore, those vary meteorological conditions 
can cause uncertainties. Besides, Denver city has many anthropogenic VOC sources; thus, the 
clear monoterpene signals cannot be easily identified in GC-FID, and cannot verify the 
monoterpene concentration by two systems (GC-MS and GC-FID). 
5.2 Future work 
Due to the illicit federal status of cannabis, there are limit studies and resources to 
investigate their environmental impact in the U.S. Therefore, the state governments that legalized 
cannabis in the U.S. are urgently suggested to investigate their environmental and public health 
impact. 
It is urgent to understand the environmental and health impact because thousands of 
employees are working with cannabis plants in the indoor facility, and they are exposed to the 
high concentration of BVOCs and other pollutants. Although there is no direct evidence to 
explain those BVOCs will have the acute and chronic effects on the humans' health, other 
volatile organic solvent usages and secondary products are produced from BVOCs, such as 
aldehydes, alcohols, and SOA, can have the potential chronic effect on humans' health. 
Therefore, it is urgent to understand what's the chemical compounds inside the CCFs and the 
ambient air quality near those facilities, and their acute and long-term public health impact. 
 130 
In the medium-term of future study, the CCF emission rate should be identified and build 
the emission inventory for air quality regulatory. The USEPA regulates all industries and 
transport emissions, but not consider the cannabis industry emission due to its federal illicit 
status. Therefore, the state government that legalized cannabis industry should process the 
emission inventory. The bottom-up method, like the leaf enclosure method, is suitable to create 
an emission model for cannabis emission capacity by strains. Besides, most of the state revenue 
agents have the cannabis product tracking system. These tracking systems record the cannabis 
plants for their life cycle and products. This tracking system is used to regulate the tax and the 
cannabis market. This system also includes many detail information monthly, e.g., plant counts, 
plant age, harvest plant number, and buds’ weight for every strain in every CCF. That 
information can be applied to build an online emission inventory and can use to predict the air 
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